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ABSTRACT

A facile synthetic approach to the direct preparation of various novel unnatural boronated protected tryptophans using a regio- and
chemoselective electrophilic substitution of 4- and 5-boronated indoles with N-protected dehydroalanine is described. The gram-scale
synthesis of two free tryptophan boronic acids is also reported.

In the past decade, there has been considerable interest
in functionalized amino acids bearing a hidden reactive
center such as sulfur, selenium, phosphorus, fluorine, or
boron.1 Among them, boronated amino acids have re-
ceived significant attention as potential pharmaceuticals
due to their use as enzyme inhibitors,2 as anti-HIV agents,3

and for their preferential uptake by growing tumor cells.
Hence, they have promising applications in boron neutron
capture therapy (BNCT).4 Remarkably, the recent biosyn-
thetic incorporation of a boronate-containing amino acid
into proteins allowed for selective protein modifications
and easier protein purification.5

Additionally, amino acid derivatives with an organo-
boron functionality on the side chain have been prepared
and used in Rh-, Ru-, Ni-, Cu- and Pd-catalyzed cross-
coupling reactions to prepare new alkylated or arylated
cross-linked amino acids and complex biologically active
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cyclic peptide natural products.6 However, current prep-
arations of boronated amino acids are somewhat limited
due to the incompatibility of the boronic acid moiety/
derivatives with the reagents and catalysts used in many
synthetic methods, intermediate organometallic species,
and reagents employed in their preparation.7

Tryptophan, an essential amino acid, functions as both a
building block in protein biosynthesis and a biochemical
precursor; it plays a crucial role in a large number of
biochemical processes carried out by functional proteins.
It is abundantly found in most biologically active peptides
that exhibit various physiological properties, in particular
hormonal, antimicrobial, and anticancer activities.8 Tryp-
tophan analogues are also important building blocks for
the synthesis of peptidomimetics, natural products, and
biologically active compounds.9 Among tryptophans,
those which are substituted at the 4- and 5-positions
are particularly interesting because they might be useful
intermediates for the synthesis of naturally occurring (�)-
aurantioclavine, serotonin tryptamine, and indole alka-
loids, such as the ergot alkaloids, indolactam V, Chuang-
xinmycin, and CC-1065, and also unnatural derivatives
suchas triptans.10Furthermore, 4-substituted tryptophans
are particularly challenging substrates for steric and elec-
tronic reasons since most electrophilic attacks prefer the
2- or 7-position of tryptophan.11 This problem has been
circumvented by a wide variety of ingenious methods, but
all suffer from low efficiency and practicability.12

In accordance with the above-reported renewed interest
in the design and synthesis of newboron-containing amino
acids as well as the central role that tryptophan plays
particularly in peptides and proteins, new, simple, and
reliable methods for the efficient synthesis of tryptophan
analogues containing boronic acids on the indole ring are
highly desirable (Figure 1). Tryptophan derivatives have
been previously synthesized by using enzymatic and chem-
ical methods.13

Based on these considerations and taking into account
the wide tolerance of the boronic acid ester, we envisioned
the Lewis acid Friedel�Crafts alkylation of indoles with a
dehydroamino acid for the synthesis of 4- or 5-boronated
tryptophan derivatives.14

So, when we subjected the easily accessible boronated
indoles (1a,b)7c toFriedel�Crafts conditionswithN-acetyl
dehydroalanine methyl ester (2) we obtained the boron-
ated protected tryptophans 3a,b in excellent yields with
high regio- and chemoselectivity (Scheme 1).
To the best of our knowledge, this is the first reported

example of direct Friedel�Crafts alkylation of boronated
indoles. Notably, the widely used lithiation/trap with

Figure 1. Possible approaches to boronated tryptophanes: path
A (halogen�metal exchange), path B (Pd-catalyzed boronation),
and path C (Ir-catalyzed C�H boronation).
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boron electrophiles method (Figure 1, path A) and
Pd-catalyzedMiyaura boronation (Figure 1, path B)15 failed
when applied to 4-bromotryptophan, showing the power of
this approach. Nevertheless, Ir-catalyzed direct boronation
of tryptophan (Figure 1, path C) led to a regioselective
2-boronated product in low yield.16 Therefore this method
is complementary for the synthesis of a series of boronated
tryptophans that cannot be accessedby the above-mentioned
methods,which are controlled by electronic and steric effects.
Chemoselective removal of the pinacol group of com-

pound 3a through oxidative cleavage with sodium
periodate17 provided the free tryptophan boronic acid 4a
in high yield, whereas the hydrolysis of the boron ester
through trans-boro-esterificationwith phenyl boronic acid
and 2 N HCl led to only a trace amount of the desired
product (Scheme 2). Thus, 4-boronic acid protected tryp-
tophan 4a is easily obtainable through this method. This is
quite important, since in some reactions, suchas thePetasis
reaction,18 carbon�heteroatom couplings,19 and oxidative
homocoupling reactions,20 free boronic acids have proven
tobemore efficient.However, boronic acids are never ideal
because they exhibit several drawbacks, such as the partial
formation of dimeric and cyclic trimeric boroxines (which
depend on storage water content). Yet, in some cases,
these reagents may suffer from long-term instability and
protodeboronation. This has led to increased use of po-
tassium aryltrifluoroborates21 and N-methyliminodiacetyl

(MIDA) boronates22 which were recently developed. They
are thenext generationofboron synthetic intermediates that
meet the challenge of stability and reactivity for all boro-
nated compounds.Recently,Molander23 andBurke24made
superb efforts to advance the transition-metal-catalyzed
Suzuki�Miyaura coupling using organotrifluoroborate
salts and MIDA boronates as coupling partners.25 Using
standard conditions, compounds 5a and 6a were obtained
from boronate and boronic acid tryptophans respectively,
in almost quantitative yield after conventional flash chro-
matography on silica gel without specific precautions
(Scheme2).26Thus, fourdifferentprotectedboron-containing
tryptophans (3a�6a) can be obtained and employed accord-
ing to the use and purpose. In addition, 5a and 6a were
exposed to air at rt for a period of 2months andno detectable
degradation was observed.27

We then turned our attention to preparing completely
deprotected free amino acids 9a and 9b. Whereas the ester
hydrolysis worked fine under standard conditions, the

Scheme 1. Friedel�Crafts Alkylation of Boronated Indoles 1a,b
with N-Acetyl Dehydroalanine Methyl Ester 2

Scheme 2. Conversion of Boronated Tryptophan 3a to Boronic
Acid 4a, Trifluoroborate 5a, and MIDA Boronated 6a
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removal of the acetyl group was difficult. N-Acetyl deriv-
atives require prolonged heating in concentrated acid or
base which is not compatible with sensitive compounds.
Different acidic and basic conditions were tested, but in all
cases protodeboronation or decomposition occurred both
from 7a,b or directly from 3a,b. Also, the use of acylase
enzymes from Aspergillus melleus under very mild condi-
tions (pH 7.4, temperature 37 �C) did not provide the
desired product (Scheme 3).13a,28

A different dehydroamino acid was then necessary. We
sought to use the stable and readily available methyl
2-(diphenylmethyleneamino)acrylates29 in our sequence,
based on its reported good reactivity and the mild and
selective reaction conditions for the deprotection of
the amino group in the final compounds. We predicted
that the use of dehydroalanine 7 should rapidly give
access to useful quantities of boronated tryptophans
with unprecedented levels of ease and efficiency.
Dehydroamino acid 7 was then coupled to boronated
indoles 1a,b to give the boronated protected trypto-
phans 8a,b. Again, the Friedel�Crafts reaction pro-
ceeded in excellent yield and the boronated protecting
group remained intact.
The adducts 8a,b were readily converted to free trypto-

phan boronic acids 9a,b by conventional sequences (1NHCl
and1NNaOH) inonepot, twosteps,andalmostquantitative
overall yield, which presented a straightforward route to
4- and 5-substituted tryptophans (Scheme 4). Selective de-
protectionof either the aminoor the esterwaspossible aswell.
Notably, in the case of 4-boronated derivatives the

treatment of 8awith aqueous sodium hydroxide converted

the ester into a carboxy group, which simultaneously
cyclized to the adjacent boron derivative to form the
unknown eight-membered ring 9a (Scheme 4).

In summary, we have prepared various novel protected
boronate tryptophans (3a,b�8a,b) via a regio- and che-
moselective Friedel�Crafts alkylation between boronate
indoles and N-protected dehydroalanine. Therefore, this
methodology offers an alternative approach to access
protected tryptophan boronates in cases where the
Miyaura boronation or more traditional stoichiometric
metalating reagent approaches fail and where Ir-catalyzed
boronation does not give the correct regioisomer. We are
currently in the process of investigating further applica-
tions of protected boronate tryptophans as building blocks
in the preparation of biaryl-containing peptide natural
products. The proper choice of protective groups in the
dehydroalanine enables easy and practical access to two
novel free boronic acid tryptophans 9a,b. Evaluation of
these boron-containing amino acids as BNCT agents is
currently under way.
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Scheme 3. Hydrolysis of N-Acetyl Boronated Indoles 3a,b

Scheme 4. Friedel�Crafts Alkylation of Boronated Indoles 1a,b
with Methyl 2-(Diphenylmethyleneamino)acrylates 7 and
Hydrolysis of Compounds 8a,b
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