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Late-Stage Diversification of Tryptophan-Derived Biomolecules

Hendrik Gruß and Norbert Sewald*[a]

Abstract: Pd-mediated reactions have emerged as a power-

ful tool for the site-selective and bioorthogonal late-stage di-
versification of amino acids, peptides and related com-

pounds. Indole moieties of tryptophan derivatives are sus-
ceptible to C2H-activation, whereas halogenated aromatic

amino acids such as halophenylalanines or halotryptophans
provide a broad spectrum of different functionalisations. The

compatibility of transition-metal-catalysed cross-couplings

with functional groups in peptides, other biologically active
compounds and even proteins has been demonstrated. This

Review primarily compiles the application of different cross-

coupling reactions to modify halotryptophans, halotrypto-
phan containing peptides or halogenated, biologically active

compounds derived from tryptophan. Modern approaches
use regio- and stereoselective biocatalytic strategies to gen-

erate halotryptophans and derivatives on a preparative
scale. The combination of bio- and chemocatalysis in cas-

cade reactions is given by the biocompatibility and bioor-

thogonality of Pd-mediated reactions.

1. Introduction

Late-stage diversifications of biomolecules such as amino

acids, peptides or pharmaceutically active compounds com-
prise powerful tools for the generation of functionalised deriv-

atives with modified properties or biological effects. In particu-

lar, improvement of the biological efficacy leads to optimised
active substances or drugs showing, for instance, enhanced se-

lectivity or stability. Compared to early-stage modifications,
late-stage approaches have several benefits. Firstly, the prepa-

ration of a compound library is simplified because one precur-
sor molecule can result in several modified derivatives. Selec-
tive reactions make the use of protecting groups in many

cases obsolete; hence, reaction as well as work-up and purifi-
cation steps are saved leading to more efficient and sustain-
able processes. In addition, late-stage reactions have a great
potential for the application as bioorthogonal modification

tools for biological macromolecules even in lysates or the pres-
ence of living cells. However, these obvious advantages imply

several challenges to be overcome. As there are many func-

tional groups present in biomolecules, side reactions might
occur or some functional groups may be incompatible with

the reaction conditions and for example, might inhibit the re-

action. Application in bioorthogonal chemistry is even more
challenging. Additionally, biomolecules often contain stereo-

genic centres, which is why late-stage diversification reactions
need to be performed under mild conditions to avoid epimeri-

sation.

Pd-mediated reactions have been proven useful for the se-
lective modification of biomolecules, which underscores the

versatility of this transition metal.[1–6] The indole moiety of tryp-
tophan constitutes an interesting target to be addressed by

such approaches. Tryptophan plays a unique role in peptides
and proteins. Considering the low abundance in proteins, it

represents at the same time the most abundant amino acid in
protein–protein interactions.[7] Moreover, the spectrophotomet-
ric properties of tryptophan render it an interesting probe to

study protein dynamics.[8] Hence, modulation of the spectro-
photometric properties of tryptophan is of great interest.

Apart from that, tryptophan scaffolds are widely present in bio-
active natural products featuring both halogenated and non-

halogenated indoles.[9] Modification of those indoles may lead

to novel pharmaceutically active compounds. This minireview
deals with late-stage diversification of indoles and indole-

based biomolecules beginning with a brief overview on Pd-
mediated C2@H activation strategies. Complementary to C2@H

activation, the regioselective, enzymatic synthesis of different
halotryptophans at various positions at the indole ring pro-

vides a handle for diversification. Accordingly, the main focus

will be on addressing haloindoles describing and discussing
different Pd-mediated cross-coupling strategies.

2. Pd-Catalysed C2@H Activation of Tryptophans

The C2 position of indoles and tryptophans can be selectively
addressed by transition-metal-catalysed C(sp2)@H activa-

[a] H. Gruß, Prof. Dr. N. Sewald
Organische und Bioorganische Chemie, Fakult-t fer Chemie
Universit-t Bielefeld, Universit-tsstraße 25, 33615 Bielefeld (Germany)
E-mail : norbert.sewald@uni-bielefeld.de

The ORCID identification number(s) for the author(s) of this article can be
found under : https ://doi.org/10.1002/chem.201903756.

T 2019 The Authors. Published by Wiley-VCH Verlag GmbH & Co. KGaA.
This is an open access article under the terms of Creative Commons Attri-
bution NonCommercial-NoDerivs License, which permits use and distribu-
tion in any medium, provided the original work is properly cited, the use is
non-commercial and no modifications or adaptations are made.

Selected by the Editorial Office for our Showcase of outstanding Review-
type articles (www.chemeurj.org/showcase).

Chem. Eur. J. 2020, 26, 5328 – 5340 T 2019 The Authors. Published by Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim5328

Chemistry—A European Journal
Minireview
doi.org/10.1002/chem.201903756

http://orcid.org/0000-0002-0309-2655
http://orcid.org/0000-0002-0309-2655
https://doi.org/10.1002/chem.201903756
http://www.chemeurj.org/showcase


tion.[2, 4–6] Encouraged by protocols enabling Pd-mediated re-
gioselective functionalisation of indoles,[10] Ruiz-Rodr&guez et al.

diversified tryptophans and tryptophan containing tri- and tet-
rapeptides with aryl iodides as arylation reagents along with

Pd(OAc)2 as catalyst and AgBF4 and 2-nitrobenzoic acid as ad-
ditives in DMF or phosphate buffer (Scheme 1 A).[11]

To expand the substrate scope, tryptophan-based diketopi-

perazine brevianamide F was modified resulting in analogues
with exceptional cytotoxicities in HeLa cells.[12] Additionally, op-

timisation of the reaction conditions such as replacing 2-nitro-
benzoic acid by trifluoroacetic acid even allowed for conver-

sion of unprotected tryptophan.[13] Apart from that, the strat-
egy was used by Dong et al. for the macrocyclisation of pep-
tidic substrates[14] and by Mendive-Tapia et al. for an intramo-

lecular side chain-to-side chain cyclisation approach between
iodinated phenylalanine or tyrosine derivatives and tryptophan
to develop a novel approach towards peptide stapling
(Scheme 2).[15] Although analysis of the secondary structure by
circular dichroism revealed conformationally constrained pep-
tides, the generation of a-helical peptides was not reported as

it would have been expected for stapled peptides. Besides aryl
iodides as arylation reagents, further investigations showed
the utilisation of different aryl sources under mild conditions.

Zhu et al. studied the application of diaryliodonium salts and
the reaction proceeded smoothly under very mild conditions

in acetic acid or water at 23 8C (Scheme 1 B).[16] Moreover, the
authors investigated the fluorescence properties of modified

tripeptides revealing enhanced fluorescence emission intensi-
ties for electron-rich aryl substituents at the tryptophans. Alter-

native arylation agents and the performance at mild tempera-
tures were also studied in the group of Fairlamb beginning

with aryl boronic acids. In this approach, Cu(OAc)2 is essential

as cocatalyst mediating the reaction of N- and C-terminally
protected tryptophans (Scheme 1 C).[17] Notably, a hexapeptide
with free C-terminus was also accepted as substrate upon six-
fold increase of the Pd and Cu loadings. However, since Cu

also caused oxidative side reactions, subsequent studies dem-
onstrated a Cu-free approach with aryl diazonium salts as di-

versification reagents (Scheme 1 D).[18]

3. Biocatalytic Preparation of Halotryptophans

Halogen substituents represent advantageous handles to ad-
dress varying positions of the indole ring and enable a broad

range of Pd-mediated modifications. However, the introduction

by chemical procedures is often hampered by a lack of regio-
selectivity and by harsh reaction conditions like elementary

halogens and Lewis acids. Enzymatic halogenations on the
contrary are characterised by a unique regioselectivity under

mild conditions at ambient temperature in aqueous solution.
Flavin-dependent tryptophan halogenases are one enzyme

class catalysing such biocatalytic C@H activations, thus accom-

plishing halogenation by the use of halide salts, FADH2 and

Scheme 1. Overview of different, selective Pd-catalysed C2-arylation reactions
using different aryl sources. A) I) Pd(OAc)2 (5 mol %), 2-nitrobenzoic acid
(1.5 equiv), AgBF4 (1.0 equiv) in DMF, 150 8C, mwave, 5 min;[11] II) Pd(OAc)2

(5 mol %), TFA (1.0 equiv), AgBF4 (2.0 equiv) in DMF, 90 8C, mwave, 20 min;[13]

III) Pd(OAc)2 (5 mol %), 2-nitrobenzoic acid (1.5 equiv), AgBF4 (1.0 equiv),
phosphate buffer, 80 8C, mwave, 10 min.[11] B) Pd(OAc)2 (5 mol %), AcOH or
H2O, 23 8C, 17–24 h.[16] C) Pd(OAc)2 (5–30 mol %), Cu(OAc)2 (10–60 mol %),
AcOH, 40 8C, 16 h.[17] D) Pd(OAc)2 (5–20 mol %), EtOAc (protected tryptophan)
or MeOH (peptides), 25–37 8C, 16 h.[18]

Scheme 2. Pd-catalysed side chain-to-side chain macrocyclisation as ap-
proach to peptide stapling. Conditions: Pd(OAc)2 (5 mol %), AgBF4 (1.0–
2.0 equiv), acid (1.5 equiv 2-nitrobenzoic acid or 1.0 equiv TFA).[15]
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oxygen as oxidant. Mechanistically, hypohalous acid is formed
through a flavin-C4a-hydroperoxide intermediate in the flavin-

binding site and is shuttled through a 10 a tunnel to the sub-
strate-binding site, in which it undergoes an electrophilic aro-

matic substitution at tryptophan.[19] Because FADH2 is con-
sumed for the generation of the hypohalous acid, application

in preparative biocatalytic procedures requires a cofactor re-
generation system (Scheme 3).[20, 21] However, the major bottle-
necks of tryptophan halogenases are low stability accompa-

nied by low activity. Hence, reaction scales were hitherto limit-
ed and suffered from incomplete conversions.[20, 21] In 2015,
Frese et al. described an immobilisation approach, in which
tryptophan halogenases together with the auxiliary enzymes

for cofactor regeneration are cross-linked by glutaraldehyde
forming Schiff bases with surface-exposed lysine residues. This

procedure furnishes a solid biocatalyst called combiCLEAs

(cross-linked enzyme aggregates).[22]

Since then, the CLEA methodology has successfully been
employed for different types of FAD-dependent halogenases
providing halogenated products on a preparative scale.[23–25]

Compared to the use of purified enzymes or lysates, in which
the scale had been limited to 100 mg,[20] the application of

combiCLEAs allows the halogenation on a gram scale.[22] As an
alternative to an enzymatic cofactor regeneration system,

Ismail et al. showed the feasibility of NADH mimics combined
with flavin-dependent tryptophan halogenases.[26] The NADH

mimics are used in stoichiometric amounts and replace the en-
zymes flavin reductase and dehydrogenase for cofactor regen-
eration. Besides chemical or enzymatic regeneration of FADH2,

Schrçder et al. proved the applicability of a photochemically
driven approach.[27]

Since many amino acids are produced by fermentation on
industrial multi-ton scales, the fermentative production of l-7-

chlorotryptophan in Corynebacterium glutamicum has very re-

cently been developed by metabolic engineering.[28] For this
purpose, rebH and rebF genes encoding for a tryptophan 7-

halogenase and a flavin reductase, respectively, were intro-
duced affording a recombinant, l-tryptophan producing C. glu-

tamicum strain.

Apart from that, enzymatic synthesis of halotryptophans can
be performed by tryptophan synthase from serine and (substi-

tuted) indoles. This enzyme class depends on the prosthetic
group pyridoxal phosphate (PLP), which forms a Schiff base

with serine. This intermediate is dehydrated generating a reac-
tive Michael system-like electrophile, which is attacked by
indole as the carbon nucleophile. Preparative scale procedures
use E. coli lysates with overexpressed tryptophan synthase as
biocatalyst in buffer at 37 8C.[29] Besides halogenated trypto-

phans, other substituted derivatives with electron-withdrawing
and electron-donating groups can be generated, particularly
by engineered variants of the tryptophan synthase b-subunit
(TrpB) at elevated temperatures (Scheme 4).[30] However, effi-

ciency of the reaction is influenced by both the indole sub-
stituent and the substitution position reflected by the conver-

sion and accordingly the yield of substituted tryptophans.

In addition to the synthesis of l-halotryptophans, there are

recent reports on the preparation of the d-enantiomers. In
contrast to the tryptophan synthase approach, the combiCLEA

route also allows the conversion of d-tryptophan although
with reduced efficiency.[22] Independently of each other, our

group and the group of Chica developed stereoinversion pro-
cesses to obtain substituted d-tryptophans from the corre-
sponding l-isomers.[31, 32] Schnepel et al. combined the enzy-

matic halogenation of l-tryptophan using halogenase combi-
CLEAs with a dynamic stereoinversion.[32] The l-selective amino

acid oxidase RebO provides the a-imino acid, which is then un-
selectively reduced in a one-pot process. Consequently, the d-

enantiomer accumulates because it is not accepted by RebO
as a substrate. Parmeggiani et al. on the other hand designed

a completely biocatalytic one-pot procedure using tryptophan
synthase to generate substituted l-tryptophans followed by a
stereoinversion cascade consisting of l-amino acid deaminase
(LAAD) and an engineered variant of aminotransferase DAAT
providing desired d enantioselectivity.[31]

4. Suzuki–Miyaura Cross-Coupling

The Suzuki–Miyaura reaction (SMC) is a very robust C@C bond
forming cross-coupling reaction between organic halides or

pseudohalides and organoboron compounds, which is highly
tolerant towards a broad range of functional groups, water-

based solvents, mild reaction temperatures and the presence
of oxygen (Scheme 5).[33] In particular, aerobic conditions and

Scheme 3. Application of FAD-dependent tryptophan halogenases (e.g.
PyrH, Thal or RebH) leads to regioselective chlorination or bromination in
combination with concomitant cofactor regeneration mediated by a flavin
reductase (Fre, PrnF or RebF) and a dehydrogenase (ADH or GDH).

Scheme 4. Application of tryptophan synthase. Besides synthesis of halo-
tryptophans, different functional groups at the indole moiety can be intro-
duced.
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transition-metal catalysis seem contradictory due to oxidation-
sensitive catalysts. These limitations may be true for classical
approaches using phosphines or N-heterocyclic carbenes as li-
gands. Recent developments put forth oxygen-stable catalysts,

whereby ligand-free, oxygen-stabilised Pd nanoparticles are
even used in oxygen-promoted SMCs.[34] Beyond that, a great

variety of organoboron compounds allows arylation and alke-

nylation as well as alkylation utilising boronic acids, boronic
esters or trifluoroborates.[35] The reaction mechanism is well

studied and includes the cross-coupling characteristic steps ox-
idative addition, transmetalation and reductive elimination.[36]

The following section compiles different (cascade) proce-
dures for the derivatisation of halotryptophans, halotryptophan

containing peptides or halogenated, biologically active com-

pounds derived from tryptophan by SMC and shows its bio-
compatibility and bioorthogonality. Although a variety of func-

tional groups are tolerated, there are moieties such as thiols,
amines or carboxylates inhibiting or poisoning the palladium

catalyst under biocompatible conditions. These moieties are
widely present in biomolecules or biological systems, which is

why the reaction conditions need to be carefully optimised for

this purpose.[3]

4.1. SMC as tool for late-stage diversification of amino acids
and peptides

Several methods are reported to utilise protected halotrypto-
phans for derivatisation by SMC although different functional

groups are known to coordinate to palladium and inhibit the
catalysis.[37] The first procedure for the conversion of unpro-

tected halotryptophans to the corresponding aryltryptophans
in aqueous medium was depicted by Deb Roy et al. in 2008.[38]

5-Bromo-, 5-chloro-, and 7-bromotryptophan were prepared
utilizing tryptophan synthase followed by SMC using a combi-

nation of water-soluble catalyst components comprising
Na2PdCl4 and triphenylphosphine-3,3’,3’’-trisulfonate (TPPTS)
together with potassium carbonate as a base in degassed

water at 80 8C for four to six hours. Different arylboronic acids
were employed, whereas 5-bromotryptophan gave the corre-

sponding aryl-substituted tryptophan in moderate to excellent
yields depending on the substituent located at the aryl moiety

of the boronic acid. Electron-donating residues led to a more

efficient cross-coupling than electron-withdrawing ones. The
derivatisation of 5-chloro- and 7-bromotryptophan with phe-

nylboronic acid is considerably less efficient compared to 5-
bromotryptophan. Upon replacement of TPPTS by the di-

methylated analogue tris(4,6-dimethylphenyl)phosphine-
3,3’,3’’-trisulfonate (TXPTS) the reaction temperature could be

decreased to 40 8C for 5-bromotryptophan (reaction time 22 h).
In addition, the authors were also able to arylate a 5-bromo-

tryptophan containing dipeptide (Scheme 6 A). Notably, the ar-
yltryptophans showed modified fluorescence properties in

methanol and water compared to tryptophan providing an in-
teresting perspective for fluorescence labelling of biomole-

cules. Since phosphine-based catalyst systems are prone to ox-
idation,[42] Chalker et al. evaluated the use of a bench-stable
pre-catalyst, which is pre-prepared from Pd(OAc)2 and the

water-soluble ligand 2-amino-4,6-dihydroxypyrimidin (ADHP) in
aqueous sodium hydroxide.[43] The pre-catalyst Pd-ADHP en-
abled SMC applying different halophenylalanines or -tyrosines
in an aqueous buffer at 37 8C although chlorides were not ac-

cepted as substrates. Remarkably, Pd-ADHP even allowed for
SMC of an aryl iodide modified cysteine on the surface of the

model protein serine protease SBL. This phosphine-free pre-

catalyst was then utilised by Willemse et al. in 2015 for the
phenyl substitution of unprotected 5-bromotryptophan and 5-

bromotryptophan containing dipeptides by SMC in pure water
requiring a catalyst loading of 5 mol % and potassium carbon-

ate as a base while heating to 80 8C for 2–24 h (Scheme 6 B).[39]

Likewise, the C6- and C7-brominated regioisomers were also

successfully converted with phenylboronic acid. However, for

vinylation bromotryptophan had to be replaced by the more
reactive iodide combined with PdCl2(dppf) as precatalyst and

50 % (v/v) isopropanol as a cosolvent. In addition, the authors

Scheme 5. General overview of the SMC. OTf = trifluoromethanesulfonate,
OTs = toluenesulfonate, OPiv = pivalate, pin = pinacolato, 9-BBN = borabicy-
clo[3.3.1]nonane.[33]

Scheme 6. Late-stage modifications of halotryptophans and halotryptophan
containing peptides by SMC. Reaction conditions for SMC: A) Ar-B(OH)2

(1 equiv), Na2PdCl4 (2.5 mol %), TPPTS or TXPTS (6.25 or 25 mol %), K2CO3

(5 equiv), H2O, 40–80 8C, 4–6 h.[38] B) Ph-B(OH)2 (2.5 equiv), Pd-ADHP
(5 mol %), K2CO3 (5 equiv), H2O, 80 8C, 2–24 h.[39] C) p-Tol-B(OH)2 (3 equiv), Pd-
ADHP (5 mol %), K2CO3 (6 equiv), H2O/EtOH 4:1, 45 8C, 48 h.[40] D) Ar-B(OH)2

(2 equiv), Na2PdCl4 (5 mol %), sSPhos (15 mol %), K3PO4 (5 equiv), H2O/diox-
ane 3:1, 95 8C, mwave, 30–60 min.[41]
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also studied halophenylalanines and halophenylalanine con-
taining peptides in mixtures of isopropanol and water, in

which SMC was facilitated by PdCl2(dppf), a ferrocene-based,
bidentate phosphine ligand that tolerates a broad range of

functional groups present in amino acid side chains. Notably,
histidine and asparagine were found to inhibit the cross-cou-

pling reaction and PdCl2(dppf) proved to be inefficient for the
conversion of halotryptophans. The influence of the cross-cou-
pling reaction on the enantiopurity was examined by derivati-

sation with the chiral reagent 1-fluoro-2,4-dinitrophenyl-5-l-
alanine amide (FDAA, Marfey’s reagent) followed by RP-HPLC

analysis.[44] This procedure is called Marfey’s method and re-
vealed no epimerisation of the analysed cross-coupling prod-

ucts.[45] A similar system based on Pd-ADHP was explored by
Sharma et al. to perform SMC with bromotryptophan also

within peptides at biocompatible temperatures (Scheme 6 C).[40]

These optimisations of the reaction conditions also paved the
way for application of SMC in living cells, which will be dis-

cussed in detail in section 4.3.
The application of catalyst systems including the sterically

more demanding and electron-rich Buchwald phosphine
ligand SPhos are known to promote the SMC of challenging

substrates such as aryl chlorides or electron-rich substrates,

which is the case for halotryptophans.[46] Hence, SPhos-based
catalysts were investigated in our group to mediate the cross-

coupling between unprotected bromotryptophan and different
aryl boronic acids. These provided initial studies for the estab-

lishments of a high-throughput (HT) fluorescence assay to de-
termine tryptophan halogenase activity relying on fluorescent

aryltryptophans (cf. section 4.3)[41] and a chemoenzymatic

three-step one-pot process combining bio- and chemocatalysis
(cf. section 4.4).[23] As conclusion, a catalyst system composed

of water-soluble Na2PdCl4 as Pd source and the water-soluble,
sulfonated derivative of SPhos (sSPhos) combined with tripo-

tassium phosphate as a base proved suitable for SMC in water
or mixtures of water and dioxane at 100 8C even in the pres-

ence of air (Scheme 6 D). Similar conditions were also reported

to impart the diversification of complex natural products[47, 48]

or indole-derived pharmacologically active compounds (cf. sec-

tion 4.3).[49]

4.2. SMC as tool for late-stage cyclisations

Aside from late-stage diversification of linear halopeptides with

different boronic acids, SMC can also be utilised as tool for an
intramolecular macrocyclisation affording constrained peptides

with potential benefits regarding affinity, stability or even
membrane permeability.[50] Intramolecular cyclisations between

bromo- or boronotryptophan and boronated or halogenated
amino acid side chain residues have been developed for pro-

tected peptides in solution[51] and additionally, there are also

reports outlining a cross-coupling between boronated and
halogenated phenylalanines, tyrosines or histidines on

resin.[52, 53] The synthesis of bicyclic peptides containing a biaryl
bridge and a cyclic backbone was described by Garc&a-Pindado

et al. in 2017, in which the cross-coupling reaction took place
between a boronophenylalanine and a iodophenylalanine to

generate the biaryl bridge on resin.[54] This approach was ex-
tended to bromotryptophan containing peptides in 2018.[55]

The methodology comprises an on-resin Miyaura borylation of
the first introduced bromotryptophan followed by completion

of the linear precursor sequence including the second bromo-
tryptophan moiety. Intramolecular SMC is performed on resin

as the first cyclisation step. Then, the peptide is cleaved from
the resin and an intramolecular head-to-tail cyclisation in solu-

tion results in the formation of a peptide bond as the second

cyclisation step (Scheme 7).

The cyclic peptides were analysed in different biological
tests. It was hypothesised that the increased rigidity of the bi-

cyclic peptides might be advantageous to cross the challeng-

ing blood–brain barrier (BBB) by passive diffusion. As a result,
the 7,7-bicyclic peptide showed the highest transport rate in a

parallel artificial membrane permeability assay, which is a
model for the BBB. The serum stability of the bicyclic trypto-

phan peptides was not investigated.[55] However, the previous
study on a bicyclic peptide with a phenylalanine–phenyl-
alanine biaryl bridge did not show any significant degradation

in human serum within 24 h.[54]

Very recently, our research group reported on the side

chain-to-tail cyclisation of RGD peptides by SMC.[56] The cross-
coupling reaction was performed between l- or d-bromotryp-
tophan and alkyl or aryl boronic acids attached to the N-termi-
nus of the peptide. Both in solution and on-resin strategies

were evaluated; however, the on-resin approach was beneficial
because no side reactions such as deboronation were ob-
served. Additionally, conducting as many steps as possible on
resin avoids purification steps, which usually lead to decreased
yields. The on-resin cross-coupling step required a catalyst

system comprising Pd2(dba)3 and sSPhos combined with potas-
sium fluoride as base in a solvent mixture of dimethoxyethane

(DME), ethanol and water.[53] Microwave irradiation and 120 8C

lead to full conversion after 30 min (Scheme 8).[56] Different
connectivities involving different regioisomers were generated

and compared to the backbone cyclised lead peptide
c(RGDfV), phenylalanine and/or valine were substituted against

hydrophobic biaryl moieties resulting from SMC cyclisation.
The affinity and selectivity of these novel cyclic RGD peptides

Scheme 7. Synthesis of bicyclic peptides by two late-stage cyclisations be-
ginning with an intramolecular on-resin SMC followed by cleavage from
resin and in-solution backbone cyclisation. 5-, 6- and 7-bromotryptophan re-
gioisomers were used. Reaction conditions: A) Pd(PPh3)4 (10 mol %), Cs2CO3

(3 equiv), DMF, 60 8C, 72 h. B) TFA:H2O:TIS 95:2.5:2.5. C) PyBOP, HOAt, DCM
with 1 % DMF, RT, 24–48 h. D) NaS2O4, H2O/ACN/EtOH 1:1:1, 48 h.[55]
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towards aVb3 and a5b1 integrins were tested. It could be dem-

onstrated that the connectivity between the indole and the ar-
omatic moiety of the former aryl boronic acid has a major in-

fluence on affinity and selectivity. A representative example
was chosen, and a good stability was proven in human

plasma. Apart from that, NMR and HPLC analyses revealed the
presence of multiple isomers. To exclude undesired epimerisa-

tion, MD simulations were performed for representative side

chain-to-tail cyclised peptides exposing stable and distinguish-
able conformers or atropisomers. The promising results of that

study show again the high potential of cross-coupling reac-
tions in the development of modified bioactive compounds

that have not been thoroughly explored until now in context
of drug design.

4.3. SMC as bioorthogonal tool for late-stage diversification

In 2010, Deb Roy et al. reported on late-stage SMC modifica-
tion of a chlorotryptophan containing derivative of the uridyl

peptide antibiotic pacidamycin.[47] Since the previously de-
scribed reaction conditions utilising TPPTS as ligand[38] did not
cause satisfactory conversion of the relative unreactive chloro-
pacidamycin, turning to sSPhos in combination with 20 % (v/v)
acetonitrile as cosolvent led to full conversion with phenyl-

and 4-methoxyphenylboronic acid during one hour under mi-
crowave irradiation at 80 8C. Remarkably, chloropacidamycin

was generated in vivo by integration of the gene prnA encod-
ing the tryptophan 7-halogenase into the producer strain
Streptomyces coeruleorubidus presenting a chemogenetic pro-
cess. The following cross-coupling proceeded successfully both

with purified chloropacidamycin and the crude extract. This
proves the biocompatibility of the SMC, because on the one
hand this chlorinated natural product is a complex peptidic
substrate and on the other hand other biomolecules are also
present in crude extracts including different functional groups,

which could interfere with the reaction (Scheme 9 A).
A related approach has been developed by Runguphan

et al. in 2013 to modify halogenated monoterpene indole alka-

loid derivatives of 19,20-dihydroakuammicine.[48] Halo-19,20-di-
hydroakuammicines were generated by either exogenous addi-

tion of halotryptamin or by integration of the tryptophan 7-
halogenase encoding rebH gene into the producer plant yield-

ing transgenic hairy roots of Catharanthus roseus. To ensure
sufficient cofactor regeneration to afford significant chlorina-

tion of tryptophan in vivo, the rebF gene encoding for a flavin

Scheme 8. Side chain-to-tail cyclisation by on resin SMC for the generation
of bioactive RGD peptides. Reaction conditions: A) Pd2(dba)3 (20 mol %),
sSPhos (40 mol %), KF (4.0 equiv), DME:EtOH:H2O (9:9:2), mwave, 120 8C,
30 min. B) TFA:H2O:TIS 95:2.5:2.5.[56]

Scheme 9. Chemogenetic processes for the synthesis of halogenated derivatives of natural products containing indole scaffolds, which are formed in vivo
starting from tryptophan as precursor. The halogenated metabolites can be further diversified by SMC. A) Incorporation of prnA gene encoding for trypto-
phan 7-halogenase PrnA in S. coeruleorubidus leading to formation of 7-chlorotryptophan in vivo, which is used as precursor in the biosynthesis of chloropaci-
damycin. This halogenated derivative can be further diversified by late-stage SMC. Reaction conditions for SMC: Na2PdCl4 (5 mol %), sSPhos (12.5 mol %), Ar-
B(OH)2 (1.1 equiv), K2CO3 (5 equiv), H2O:ACN 5:1, 80 8C, mwave, 60 min.[47] B) Incorporation of rebH and rebF genes encoding for tryptophan 7-halogenase
RebH and flavin reductase RebF in hairy roots of C. roseus leading to formation of 7-chlorotryptophan in vivo, which is used as a precursor in the biosynthesis
of 12-chloro-19,20-dihydroakuammicine through 7-chlorotryptamin as intermediate. SMC with the crude plant extracts results in aryl-diversified analogues. Re-
action conditions for SMC: Pd(OAc)2 (5 mol %), SPhos (13 mol %), Ar-B(OH)2 (3 equiv), K3PO4 (5 equiv), n-butanol, 90–100 8C, 10–60 min.[48]
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reductase was also recombinantly introduced into C. roseus.
Chlorotryptophan was then converted by an endogenous Trp-

decarboxylase to chlorotryptamin,[57] which is a precursor in
the biosynthesis of chloro-19,20-dihydroakuammicine. After

one week of cultivation, adequate amounts of the chlorinated
alkaloid had accumulated, and the resulting crude extract was

used for SMC diversification without any previous purification
step. Inspired by the approach of Deb Roy et al. , the authors

also utilised a catalyst system including the Buchwald ligand

SPhos to convert the less reactive aryl chloride. Since the
chlorinated alkaloid substrate is much less polar than chloropa-

cidamycin, Pd(OAc)2 was applied as Pd source in n-butanol as
solvent combined with the base K3PO4 at 90–100 8C running

reaction times ranging from 10 to 60 min to investigate the re-
action with six different arylboronic acids (Scheme 9 B).

To prove bioorthogonality, Yusop et al. performed the SMC

within living HeLa cells between exogenously added, reactive
aryltriflates and pinacol boronates.[58] Moreover, Sharma et al.

showed in 2017 the concomitant biosynthesis of brominated
metabolites and chemical modification of these less reactive

substrates in the presence of living cells.[40] To reach this goal,
previously reported reaction conditions[47] had to be modified

to perform SMC at mild temperatures and under aerobic con-

ditions. Catalyst systems based on the water-soluble Buchwald
ligand sSPhos did not lead to satisfactory conversion of halo-

tryptophans due to Pd catalyst inhibition by the free amino
group and also, to a lesser extent, by the carboxylic acid.

Hence, a phosphine-free approach exploring Pd-ADHP was in-
vestigated. Optimised reaction conditions caused high conver-

sions (+90 %) of bromotryptophans at 45 8C in an aqueous,

aerobic system with 20 % (v/v) ethanol as cosolvent. A conver-
sion of only 30 % was observed for 7-chlorotryptophan. There-

fore, subsequent experiments employed bromotryptophan.
Additionally, 7-bromotryptophan containing tripeptides were

reacted under these conditions and provided good isolated
yields (cf. also section 4.1, Scheme 6 C). To perform the SMC in

the presence of living, engineered E. coli cells continuously

producing 7-bromotryptophan due to an incorporated prnA
gene, reaction conditions had again to be modified with two

crucial changes leading to a biocompatible process: 1) a spe-
cial growth medium named cross-coupling medium (CCM) was
employed since common media contain, for instance, amino
acids and glucose, which inhibit SMC at mild temperatures;
2) an even more active catalyst system had to be applied to

shorten the reaction time at 37 8C changing the ligand ADHP
to its dimethylated analogue DMADHP or tetramethylguani-

dine (TMG) as more efficient variants (Scheme 10). By these
final improvements, enzymatic halogenation of tryptophan
using a whole cell catalyst and SMC derivatisation of the
formed 7-bromotryptophan in a sequential process could be
realised. The cross-coupling was performed after dilution of

the E. coli culture with phosphate buffer; the cell viability was
proven. The enantiopurity of the resulting cross-coupling prod-
uct l-7-tolyltryptophan was proven by Marfey’s method (cf.
section 4.1).[45] Moreover, this approach was utilised to gener-

ate p-tolyl-pacidamycin from bromopacidamycin. For this pur-
pose, the producer strain had to be changed from S. coeruleor-

ubidus to S. coelicolor as a modification of the previously re-

ported process to tolerate the bromide salt KBr, which is man-
datory to generate the more reactive brominated metabolite.

Inspired by the demonstrated biocompatibility and bioor-
thogonality of the SMC as well as the modulated spectropho-

tometric properties of aryltryptophans, Schnepel et al. devel-
oped a high-throughput (HT) fluorescence assay to quantify

halogenated tryptophan by late-stage arylation using SMC in

lysate to screen for novel halogenase variants, which were en-
gineered by directed evolution.[41] The reaction conditions

were initially optimised using purified tryptophan (cf. also sec-
tion 4.1, Scheme 6 D). They were finally adapted for application

in E. coli crude lysate employing a catalyst system consisting of
water-soluble Na2PdCl4 as Pd source and the water-soluble

Buchwald ligand sSPhos at a loading of 0.5 equivalents com-

bined with 15 equivalents of tripotassium phosphate and
10 equivalents of 3-aminophenylboronic acid in air. The reac-
tion can be carried out in a microtiter plate in a drying oven at
95 8C for 120 min providing >98 % conversion. The emission

maximum lem of the product (3-aminophenyl)-tryptophan is
430 nm, whereas tryptophan is not fluorescent at that wave-

length, which is a mandatory criterion for a selective quantifi-
cation assay. To prove the applicability of the developed assay,
a thermostable variant of the tryptophan 6-halogenase Thal
was engineered by directed evolution consisting of error-
prone PCR, transformation, cultivation, expression, cell lysis

and temperature treatment at 49 8C as selection criteria
(Scheme 11). Activity determination by HT fluorescence assay

yielded in Thal-GR (mutations: S359G and K374R) as more ther-
mostable enzyme with a 2.5 times increased specific activity.

Scheme 10. Concomitant bromination of tryptophan by an engineered E.
coli whole cell catalyst producing the tryptophan 7-halogenase PrnA and
SMC derivatisation of the formed 7-bromotryptophan in special growth
medium CCM.[40]

Chem. Eur. J. 2020, 26, 5328 – 5340 www.chemeurj.org T 2019 The Authors. Published by Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim5334

Chemistry—A European Journal
Minireview
doi.org/10.1002/chem.201903756

http://www.chemeurj.org


4.4. Chemoenzymatic multistep one-pot processes for appli-
cation on larger scale

The above-mentioned approaches by Deb Roy et al. , Rungu-

phan et al. , Sharma et al. and Schnepel et al. are premier exam-
ples for cascade reactions combining bio- and chemocatalysis

with application potential.[40, 41, 47, 48] However, these processes
have usually been performed on small (analytical) scales. In

this section the perspective of preparative scale multi-step
one-pot processes without intermediate work-up and mini-

mum purification steps is described. Pioneering investigations

combining Pd and enzyme catalysis have been published by
Grçger and co-workers, in which a SMC in aqueous medium is

followed by enzymatic asymmetric reduction as a two-step
one-pot process. This approach requires only a final work-up

and purification providing improved efficiency and sustainabili-
ty.[59] Motivated by this proof of concept, Frese et al. reported
on a three-step one-pot process consisting of regioselective,

enzymatic halogenation utilising immobilised tryptophan halo-
genases, SMC and Na-Boc (tert-butoxycarbonyl) protection as

final step.[23] For immobilisation of an appropriate FAD-depen-
dent tryptophan halogenase along with the auxiliary enzymes

flavin reductase PrnF and alcohol dehydrogenase RR-ADH for

concomitant cofactor regeneration, the combiCLEA methodol-
ogy was employed (cf. section 3). This provides a solid biocata-
lyst leading to selective bromination at positions C5 (halogen-
ase PyrH), C6 (halogenase Thal), and C7 (halogenase RebH).

Once halogenation has gone to completion, the solid biocata-
lyst can simply be filtered off. The subsequent cross-coupling

reaction can be performed in the filtrate and requires a suit-
able Pd catalyst, base and boronic acid. The conditions de-
scribed by Schnepel et al. are suitable for this reaction.[41] Re-
markably, a conversion of 85 % can be observed with phenyl-
boronic acid in air and could be rounded out by conducting
the reaction under argon.[23] Some unprotected SMC products
are quite soluble in organic solvents. However, for a simplified

isolation by extraction, a Na-Boc protection can easily be per-
formed as third step. Purification by RP-HPLC affords the Boc-

protected aryltryptophans in moderate to excellent isolated

yields. Unlike the findings of Deb Roy et al. ,[38] C7-substituted
derivatives give higher yields than C6-substituted ones and C5

modifications resulted in only modest yields (Scheme 12). In
contrast to the mentioned experimental findings, the most

electron-deficient l-6-bromotryptophan was expected to be
the most reactive derivative resulting in the highest yields be-

cause electron-poor aryl halides undergo faster oxidative addi-

tion which is the rate-determining step.[36] Additionally, there
was generally a decreased yield observed for C5- and C6-substi-

tuted derivatives when reacted with electron-poor boronic
acids trifluoromethyl- and carboxy-phenylboronic acid.

Besides converting tryptophan, it has been demonstrated
that tryptophan halogenases are also able to halogenate tryp-

tophan derivatives either using wild type enzymes or engi-

neered variants opening up the possibility to modify indole-
based biological active compounds.[20, 21, 49, 60] The Lewis group

explored the substrate scope of the tryptophan 7-halogenase
RebH and engineered variants towards different tryptophan

and indole derivatives.[20, 61] They also reported on a chemoen-
zymatic arylation process utilising RebH variant 3-SS with a
higher bromination activity on tryptoline. Enzymatic halogena-

tion was followed by late-stage SMC performed in the crude
extract.[49] To further improve the integration of enzymatic hal-

ogenation and Pd catalysis, Latham et al. employed tryptophan
halogenases for bromination of tryptophol and 3-indole propi-

onate with subsequent modification by SMC in different one-

Scheme 11. HT fluorescence assay utilising SMC in E. coli crude lysate in
order to screen for engineered tryptophan halogenase variants. SMC reac-
tion conditions: Na2PdCl4 (0.5 equiv), sSPhos (1.5 equiv), K3PO4 (15 equiv), 3-
aminophenylboronic acid (10 equiv), 95 8C, 120 min in a microtiter plate.[41]

Scheme 12. Three-step one-pot approach combining enzymatic bromination, SMC and Na-Boc protection.[23]
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pot approaches.[24] In this work, the combiCLEA methodology
pioneered by Frese et al.[22] (cf. section 3) was used for enzy-

matic bromination of the indole derivatives tryptophol or 3-
indole propionate.

Subsequently, after removal of the heterogenous biocatalyst,
anaerobic SMC was performed applying quite similar reaction

conditions as described by Deb Roy et al. in 2008.[38] For regio-
selectively addressing the indole substrates, RebH provided
halogenation of tryptophol in C7-position whereas PyrH and

SttH lead to bromination of indole-3 propionate in C5- and C6-
position, respectively. To establish an even more efficient and
oxygen tolerating, sequential one-pot process, the authors
then investigated a compartmentalisation process (Scheme 13),

in which polydimethylsiloxane (PDMS) thimbles containing the

reagents necessary for SMC are applied (compartment B).[24]

These thimbles are placed in a larger reaction vessel (compart-

ment A), in which the enzymatic halogenation has been per-
formed beforehand. PDMS is a hydrophobic polymer function-
ing as semipermeable membrane through which only the non-

polar substrates can diffuse. At the same time, the exchange of
charged compounds, which might vice versa inhibit the cou-
pled process (enzymatic halogenation or SMC), is prevented.
Moreover, to achieve an aerobic SMC, the more oxygen-sensi-

tive phosphine ligand based catalyst system was replaced by
Pd-DMADHP, which has also been later used by Sharma et al.

for SMC in the presence of living cells.[40] Optimised reaction
conditions for the compartmentalisation process utilised RebH-
combiCLEAs combined with enzymatic bromination reagents

in compartment A and Pd-DMADHP along with cross-coupling
reagents in compartment B for regioselective derivatisation of

tryptophol in C7-position (Scheme 13).[24] The zwitterionic
amino acid tryptophan cannot be modified as the exchange

between the compartments is prevented by the PDMS thim-

ble.

5. Cross-Coupling Reactions beyond SMC

The SMC is a powerful technique for the modification of differ-
ent haloindole scaffolds and has been proven to be biocom-

patible and bioorthogonal as described in section 4. Beyond
that, there are other promising cross-coupling reactions for
carbon–carbon bond formations such as widely used Sonoga-
shira–Hagihara (SHC) or Mizoroki–Heck reaction (MHC). Beyond
that, Pd catalysis can also be applied in the generation of
carbon–heteroatom bonds. Until now, several publications out-

line the importance of SHC to functionalise unprotected amino
acids, peptides or proteins bearing aryliodides such as iodo-

phenylalanine or iodotyrosine,[62, 63] but only a few of them
report on aqueous MHC to modify those substrates.[63–65] How-
ever, the possibility to selectively address proteins by MHC has
also been proven.[63, 65]

5.1. C@C bond formations

Recently, an aqueous SHC[66] on halotryptophans as well halo-

tryptophan containing tripeptides and the natural product cys-
targamide was published by Corr et al.[67] Initial studies evaluat-

ed suitable reaction conditions with 5-bromoindole as model
substrate and were shown to be also compatible with unpro-

tected bromotryptophan utilising a catalyst system consisting

of PdCl2(CH3CN)2 as Pd source and the water-soluble sterically
demanding and electron-rich Buchwald phosphine ligand sul-

fonated XPhos (sXPhos) in a 1:1 mixture of acetonitrile and
water. The use of the base caesium carbonate led to a copper-

free variant of SHC and, moreover, microwave irradiation
proved to be more efficient than conventional heating at

100 8C. With optimal reaction conditions in hand, the substrate

scope was monitored. Excellent conversions were observed
with arylacetylenes irrespective of the bromotryptophan regio-

isomer used. Noteworthy, iodotryptophan is not more reactive
than bromotryptophan, whereas the less reactive chlorotrypto-

phan is not accepted as aryl halide. Besides arylacetylenes,
seven aliphatic alkynes possessing different functional groups

were tested for derivatisation (Scheme 14 A). Among these,

SHC proceeded with 4-butyn-1-ol, 4-phenyl-1-butyne and 1,7-
octadiyne giving good to excellent conversions, but failed with

propiolic acid, propargylamine and TMS acetylene. The enan-
tiopurity of the cross-coupling products were proven by Mar-

fey’s method (cf. section 4.1).[45] Since both SMC and SHC have
the same substrate selectivity and comparable catalyst sys-

tems, the biocompatibility of SHC was evaluated.[67] The influ-
ence of oxygen on the conversion of bromotryptophan was

explored at first and found to cause only a moderate decrease
in reactivity. Secondly, the cross-coupling was performed with
two 7-bromotryptophan containing tripeptides as more chal-
lenging substrates. 3-Fluorophenylacetylene was chosen as
coupling partner because the highest isolated yield (97 %) was

obtained when reacted with 5-bromotryptophan. Because
both brominated peptides were successfully converted, and

isolated in 47 and 99 % yield, respectively (Scheme 14 B), an
even more challenging cyclic natural product substrate was
employed as a benchmark: 6-bromocystargamide was pro-

duced by precursor directed biosynthesis with Kitasatospora
cystarginea. Feeding experiments on an analytical scale with

chloro- and bromotryptophans had been proven effective for
the generation of halocystargamides. A scale-up was conduct-

Scheme 13. Compartmentalisation one-pot approach separating reagents
for enzymatic halogenation of tryptophol and subsequent SMC, respectively,
to suppress inhibitory effects. The mixture is incubated overnight at room
temperature followed by heating to 80 8C for 24 h. Reagents for SMC: Pd-
DMADHP (10 mol %), R-B(OH)2 (5 equiv) and CsF (10 equiv). Fre: flavin reduc-
tase, GDH: glucose dehydrogenase.[24]
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ed with 6-bromotryptophan and the resulting 6-bromocystarg-

amide was submitted to SHC as semi-pure starting material.
The brominated natural product was completely converted on

an analytical scale and a mixture of SHC-diversified cyclic cys-
targamide was formed accompanied by a linear hydrolysis

product (Scheme 14 C).

Very recently, we reported on the utilisation of an aqueous
MHC[70] to react unprotected 7-bromotryptophan with different

substituted styrenes.[68] To find suitable reaction conditions, a
catalyst system consisting of Pd(OAc)2 as Pd source and the

water-soluble phosphine ligand TPPTS was tested because it
had been successfully used by Yokoyama et al. in the total syn-
thesis of the ergot alkaloid clavicipitic acid.[64] Potassium car-

bonate was used as the base and the reaction with the water-
soluble 4-carboxystyrene led to full conversion in degassed
water at 100 8C in 18 h (Scheme 15 A-i).[68] The addition of the
cosolvent dioxane was necessary to guarantee sufficient solu-

bilisation of all components to expand the substrate scope to-
wards water-insoluble styrenes. Under these conditions six dif-

ferent E-configured and enantiopure 7-styryltryptophans were
obtained in moderate to good yields. The enantiopurity was
confirmed by Marfey’s method (cf. section 4.1).[45] Apart from

this, application of the MHC in a chemoenzymatic three-step
one-pot process including enzymatic bromination, cross-cou-

pling and Boc protection was studied as previously developed
in our group for the SMC.[23] The biocompatibility of the MHC

was demonstrated for the water-soluble 4-carboxystyrene in-

volving a concentration step after the enzymatic halogenation
to favour the Pd-catalysed alkenylation over dehalogenation

(Scheme 15 B). Noteworthy, the generated styryltryptophans
showed modulated spectroscopic properties as already men-

tioned for aryltryptophans. Compared to aryltryptophans,
styryltryptophans have bathochromically shifted excitation

wavelengths, which is an interesting parameter for the applica-

tion as fluorophore in living cells to avoid irradiation
damage.[68] Later, Goss and co-workers also described the MHC

with unprotected halotryptophans and additionally, brominat-
ed natural products were explored as substrates.[69] The opti-

mised reaction conditions comprise a Na2PdCl4-TXPTS catalyst

system with sodium carbonate as base in a mixture of acetoni-
trile and water under microwave irradiation at 90 8C

(Scheme 15 A-ii). The use of acrylic acid as activated alkene re-
agent was also investigated and interestingly, no Michael-like

addition of the free a-amino group was observed. As reported
previously,[68] E-configuration predominates for the 7-styryltryp-
tophans. However, for 5-styryltryptophans E/Z mixtures have

been obtained.[69] To prove the compatibility of MHC with
more complex brominated natural products, barettin, a bromi-
nated cyclic diketopiperazine-like peptide and bromopacida-
mycin were modified with 4-fluorostyrene leading to full con-

version in both cases (Scheme 15 C). However, as for SHC, Goss
and co-workers performed the reactions only on an analytical

scale due to low quantities of starting material isolated from

biotransformations.
Besides SMC, SHC, and MHC as three of the most prominent

examples for cross-coupling reactions, a Pd-catalysed a-aryl-
ation of ketones using aryl halides as electrophile was reported

in 1997.[71] Recently, Marelli et al. established a procedure of
this C@C bond forming reaction under aqueous conditions to

modify ketones with indoles and Na-Boc-protected halotrypto-

phans in a-position utilising PdCl2(dtbpf), a ferrocene-based,
bidentate phosphine ligand, as catalyst together with sodium

hydroxide as base in a mixture of dioxane and water at 60 8C
(Scheme 16).[72]

Both bromo- and chlorotryptophans were successfully diver-
sified by the procedure and interestingly, no epimerisation was

Scheme 14. Late-stage diversification by SHC with halotryptophans as well as halotryptophan containing peptides and natural products. A) Diversification of
unprotected bromo- or iodotryptophans. Reaction conditions: alkyne (3.0 equiv), PdCl2(CH3CN)2 (5 mol %), sXPhos (15 mol %), Cs2CO3 (2.5 equiv), water/aceto-
nitrile 1:1, 100 8C, mwave, 2 h. R = phenyl, 3-fluorophenyl, 4-cyanophenyl, 3-thiopheneyl, 2-hydroxyethyl, 2-phenylethyl, 4-ethynylbutyl, cyclohexylmethyl. B) Di-
versification of 7-bromotryptophan containing tripeptides with 3-fluorophenylacetylene. Reaction conditions: See A). C) Production of 6-bromocystargamide
by precursor-directed biosynthesis with K. cystarginea. Subsequent SHC was performed with semi-pure starting material ; partial hydrolysis of cyclic cross-cou-
pling product to the linear analogue was observed. R = 3-fluorophenyl.[67]
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observed even though the reaction was performed under

quite basic reaction conditions at elevated temperatures. The
enantiopurity was verified using Marfey’s method (cf. sec-

tion 4.1).[45]

5.2. C@Heteroatom bond formations

Beyond C@C bond formations, Pd-catalysis opens a versatile

toolbox for the formation of C@heteroatom bonds such as C@
N,[73] C@O[74] and even C@S.[75] In 2016, Durak et al. published

chemoenzymatic reactions combining regioselective halogena-
tion using RebH variants and Pd-mediated Buchwald-Hartwig
amination as well as alkoxylation with crude extracts.[49] Where-

as the indole derivative 5-bromotryptoline was imparted in C@
N bond formations with aminopyridines by a catalyst system
consisting of Pd(OAc)2 and the dialkylbiaryl phosphine ligand

BrettPhos in the presence of sodium tert-butoxide in dioxane
at 100 8C (Scheme 17), attempts to form aryl ethers failed un-

derlining the difficulty to perform alkoxylation reactions with
unprotected haloindole scaffolds. The brominated derivative of

the drug thenalidine on the other hand was successfully con-
verted with trifluoroethanol albeit only in moderate isolated
yield. It remains to be clarified whether the application of

enantiopure halotryptophans or halotryptophan containing

Scheme 15. MHC with unprotected bromotryptophans and bromotryptophan containing natural products. A) i) Pd(OAc)2 (10 mol %), TPPTS (30 mol %), K2CO3

(1.5 equiv), styrene (5 equiv), water/(dioxane), 100 8C, 18 h; R = H, 4-carboxy, 4-methoxy, 4-trifluoromethyl, 3-fluoro, 3-nitro;[68] ii) Na2PdCl4 (10 mol %), TXPTS
(23 mol %), Na2CO3 (4 equiv), styrene (2 equiv), water/(acetonitrile), 90 8C, mwave, 2 h; R = H, 4-methyl, 4-amino, 4-fluoro, 3-fluoro, 4-pyridyl ; additionally, acrylic
acid was used as coupling partner.[69] B) Chemoenzymatic three-step one-pot approach combining enzymatic bromination, MHC and Na-Boc protection; Pd
loading 10–20 mol %;[68] C) MHC diversification of the natural products barettin (left) and 7-bromopacidamycin (right) ; reaction conditions: see A) ii).[69]

Scheme 16. a-Arylation of Na-Boc-protected halotryptophans in aqueous
medium.[72]

Scheme 17. Buchwald–Hartwig amination of 5-bromotryptoline with amino-
pyridines. The cross-coupling reaction was performed with crude extract ob-
tained from enzymatic halogenation.[49]
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molecules in Pd-mediated amination reactions is feasible since
strong bases such as sodium tert-butoxide may be associated

with epimerisation.

6. Summary and Outlook

C2@H activation of indole has been established as important
tool for the late-stage diversification of indole containing bio-

molecules. However, limitations are obvious as only one posi-
tion can selectively be addressed. Moreover, in case of sub-

strates containing several indole moieties, no regioselectivity

can be achieved.
Regio- and stereoselective enzymatic syntheses of halotryp-

tophans allow for introduction of a variety of substituents at
the indole ring when combined with diverse Pd-mediated

cross-coupling reactions in efficient cascade reactions. Apart
from multiple applications of the SMC, recent developments

also employ other prominent C@C bond forming cross-cou-

pling reactions. Representative examples demonstrated that
the conditions of the Pd-catalysed cross-coupling reactions

have no impact on the enantiopurity of the resulting products.
Aqueous conditions are readily tolerated in all cases and addi-

tionally, the biocompatibility including the presence of a wide
scope of functional groups and oxygen was demonstrated for
many processes. Absolute bioorthogonality as a premier

achievement was proven for the SMC. Since there are strat-
egies known to modify proteins containing reactive aryl io-

dides, incorporation of bromotryptophan in proteins followed
by late-stage diversification by SMC needs to be optimised. Al-
though brominated substrates are even more challenging, cur-
rent developments suggest the possibility for protein modifica-
tions. As substituted tryptophans reveal very interesting spec-
trophotometric properties, such compounds show promise for

fluorescence labelling or to study protein dynamics. Labelling
of tryptophan is particularly interesting considering its low
abundance in proteins.

Beyond that, only little has been done for C@heteroatom
bond formation utilising haloindole substrates and hence, re-

search focus is required on those procedures. Additionally, dif-
ferent transition metal catalysts offer great potential to intro-

duce various functionalities to haloindole containing sub-

strates.
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