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ABSTRACT: Using a commercially available potentiostat, the electrochemical synthesis of unnatural amino acids bearing
heteroaromatics on the lateral chain has been accomplished. This strategy exploits the side-chain decarboxylative arylation of
aspartic/glutamic acid, a reaction that becomes challenging with electron-rich coupling partners such as S- and 6-membered
heteroaromatics. These rings are underrepresented in unnatural amino acids, therefore allowing a wider exploration of the chemical
space, given the abundance of the aryl bromides employable in this reaction.

1. INTRODUCTION Scheme 1. State-Of-The-Art Decarboxylation of Asp and
Glu for the Synthesis of f#/y-Amino Acids (A) or Unnatural
Amino Acids (B). NPHI = N-Hydroxyphthalimide

A) a-decarboxylative arylation (well-established)

The past decade has witnessed spectacular progress in the field
of unnatural amino acids (UAAs), molecular entities widely
employed in proteomics, protein engineering, and peptidomi-

metics.' " Many methodologies have been devised for the de PG. e ] PG.

. 5—7 . L. NH O NH O NH O
novo synthesis of UAAs.””" An alternative approach is instead NHP! — — NI\
based on the lateral chain modification of natural amino acids, 1, OR ’ 7, OH 12 OR
a useful strategy to retain the a-stereocenter. This is ?_\ . " iabiized radical i d
particularly true for aspartic acid (Asp) and glutamic acid SprEl aplized radica Afy-amino acl
(Glu), whose side-chain carboxylic group offers a strategic B) Side-chain decarboxylative arylation (less explored)
handle for derivatizations, especially those based on radical PGyn o PG\ PG\
decarboxylations of the corresponding redox-active esters RO —> | ro | ro
(RAEs)."""" However, side-chain decarboxylation of these 1o NHPI ot 2
amino acids is usually more challenging than decarboxylation OA G Not st t?l' 4 radical cl)JAA

S u ot stabilized radica

of a-CO,H since only the latter provides a stabilized P
intermediate, which is an a-amino radical (Scheme 1)_12 Challenging e-rich aromatics in side-chain decarboxylative arylations
While many radical partners (e.g., alkenes, alkynes, CO,) have PG \H X =H (27%)" This work
been engaged in lateral-chain decarboxylations, decarboxylative RO X =H (58%)"* z -

. . . . . . . = 1%)15 ;g Z,Y=
arylation of these amino acid residues remains elusive, with o X =Br (51%) \Q_W N, O, S

. . 13—16 X X =OH (54%)'® \%

only a few examples reported in the literature. Indeed,

. . o . Few reported UAA from benzenes No previous reports
decarboxylative arylations are limited by H atom abstraction or
dimerization of the transient radicals as well as by
unproductive N—O bond heterolysis. This limitation is further
hampered by the fact that electron-rich heteroaromatics are
less suitable as coupling partners in these arylations.'"® Not
surprisingly, side-chain decarboxylative arylations of Asp/Glu Received: November 29, 2023
have not been reported using N-, S-, or O-containing $- Revised:  February 7, 2024

membered aromatics. Given that these heterocycles are Accepted:  February 21, 2024

ubiquitous in drugs,'’~"" herein we report our efforts to
develop lateral-chain decarboxylative heteroarylations of
aspartic acid and glutamic acids by means of electrochemistry.
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This enabling technology is underused in pharmaceutical
companies; thus, this collaborative project, based on the design
of novel scaffolds in medicinal chemistry,” is also aimed at the
transfer of knowledge of electrochemistry from academia to
industry. By exploiting the new opportunities offered by the
renaissance of radical chemistry, our approach allows the one-
pot creation of novel unnatural glutamic acid by means of
C(sp?)—C(sp®) linkages with S- and 6-membered aromatic
heterocycles.

2. RESULTS AND DISCUSSION

Our work takes inspiration from the decarboxylative arylation
of RAEs and halogenated aromatics recently reported by Baran
and co-workers.'® The coupling of these reagents was achieved
using substoichiometric amounts (20 mol %) of NiCl,-6H,0
and 2,2"-bipyridine (2,2’-bpy) in the presence of the additive
AgNO; (0.5 equiv) in dimethylformamide (DMF) under
constant current electrolysis with a reticulated vitreous carbon
cathode and a sacrificial magnesium anode. This methodology
was successfully applied to the decarboxylation arylation of
many carboxylic acids, including a couple of examples
employing glutamic acid. Using 4-iodophenol, this reaction
allowed the multigram-scale synthesis of homotyrosine in a
43% yield, a classic UAA usually synthesized via multistep
syntheses, but no other examples with electron-rich halides
(especially S-membered aromatics) were further investigated.
Building on this precedence, we set off to develop an
electrochemical method that could allow the synthesis of
UAAs containing the challenging 5- and 6-membered
heteroaromatics coupling partners. This method should also
be cheap and transferable to flow chemistry to increase its
appeal to pharmaceutical companies. Our investigation thus
started with the search for alternative electrochemical
conditions for the coupling of RAE 1 (derived from Asp)
and 4-bromobenzaldehyde, an electron-poor aromatic whose
coupling should be easier compared to S-membered hetero-
cycles (Table 1).

Table 1. Optimization of Conditions for Direct Side-Chain
Decarboxylative Arylation of RAE 1

4-Br-CgH,CHO

Fmoc. NiBrydiglyme Fmoc. CHO
MOC\H 0 52 b gy MOC~NH
/'\)J\ ,2'-bpy, AgNO3
_ >
{BuO,C NHPI {BuO,C

NMP, rt
1 12 mA, 3 h, 2-4 F/mol 2
(+)Mg/(-)RCV
entry modification yield”

1 none” 42% (28% iso)
2 Arl instead of ArBr 28%

3 no NIBr,-diglyme 0%

4 no AgNO; 0%

S Fe(OAc), instead of AgNO; 20%

6 (+)GC instead of (+)Mg 0%

7 (+)AI instead of (+)mg 40%

8 (=)Pteeramio (—)Ptig, or (—)graphite instead of (=) 0%

RCV
9 (=)Nigy,y, instead of (—)RCV 20%
10 using (—)Nig,, and (+)AI 39%

“Yield determined by UPLC with 1-chloro-trifluoromethylbenzene as
an internal standard. “Standard conditions: 4—Br—C4H,CHO (1.5
equiv), NiBr,-diglyme (20 mol %), 2,2-bpy (20 mol %), AgNO; (0.5
equiv), NMP (0.1 M).

Initially, toxic NiCl,-6H,O was replaced by safer NiBr,-
diglyme, while N-methyl-2-pyrrolidone (NMP) was preferred
over DMF as the solvent. Under these conditions, UAA 2 was
observed by quantitative UPLC in a 42% yield (entry 1), a
value in agreement with the yield reported for homotyrosine
by Baran and co-workers (54%).'® As reported also in their
work, dimerization of the unstable primary radical accounts for
the rest of the mass balance. Isolation of 2 required two
purifications by flash chromatography, thus causing a reduced
isolated yield (28%). Replacing the aryl bromide with 4-
iodobenzaldehyde furnished 2 in a lower yield (entry 2), a
result in aépparent disagreement with the work of Baran and co-
workers.'® We believe that the sluggish oxidative addition of
these substrates and the different solubilities of AgBr vs AgCl
could favor the aryl bromide over the aryl iodide depending on
the substrate under investigation. Performing the reaction in
the absence of the nickel catalyst or without AgNOj resulted in
no productive coupling (entry 3 and 4, respectively), whereas
replacing AgNO; with Fe(OAc), gave 2 in a 20% UPLC yield
(entry S). This is particularly important since it highlights that
silver can act both as in situ Ag-functionalized electrodes (as
previously determined)”' and as a mediator, thus making it
replaceable by iron which does not form nanoparticles at the
electrode. Attempts to replace the sacrificial magnesium anode
with a glassy carbon (GC) electrode gave no reaction (entry
6), supporting the role of magnesium as a source of electrons.
Notably, the magnesium sacrificial anode could be replaced
with aluminum, which increases the sustainability of the
process (entry 7). Attempts to replace the counter electrode
with platinum- or graphite-based ones were unsuccessful
(entry 8), therefore pointing out how a large surface area is
key in these decarboxylative arylations. Nevertheless, the use of
nickel foam as the counter electrode showed reactivity to some
extent (entry 9). This, in combination with aluminum as the
sacrificial anode, gave product 2 in a 39% yield (entry 10), thus
providing a cheaper and safer alternative to previously reported
working conditions. Based on the optimization study and in
analogy with previous results,'””” a nickel-based catalytic
mechanism system is believed to be responsible for the
C(sp*)—C(sp®) coupling, with the deposition of silver
nanoparticles on the electrode having a key role in the
reactivity. However, in addition to this established mechanism,
a concomitant pathway involving silver or other additives as a
mediator could occur too, as observed when performing the
reaction with FeOAc and using brand-new electrodes.

With the optimized conditions in hand, the scope of UAAs
was explored, performing the reactions under air and at room
temperature using technical-grade solvents and a commercially
available potentiostat (Scheme 2). (+)Mg/(—)RCV electrodes
were chosen since they were slightly more performing than
(+)Al/(—)Nig,m although these still represent a valid option
for economical reasons. Moreover, aryl bromides were
employed as coupling partners since their greater availability
(relative to aryl iodides) would allow a wider exploration of the
chemical space. First, other protective groups on the starting
aspartic acid were evaluated. To our delight, Boc and Cbz
could both be tolerated under the reaction conditions, thus
providing isolated UAA 3 and 4 in yields of 57 and 36%,
respectively. Despite the higher yield obtained with the Boc
group, the exploration of the scope was continued using Fmoc-
or Cbz-protected starting materials since this would give access
to orthogonally protected UAAs. Second, electron-poor
(hetero)aromatics other than benzaldehyde were also ame-
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Scheme 2. Synthesis of UAAs by Means of Electrochemical Lateral-Chain Decarboxylative Arylations”
ArBr (1.5 equiv.)

NiBry+diglyme (20 mol%)

PG

2,2"-bpy (20 mol%) NH .
.
tBuOZC/kHJ\NHPI AgNO;3 (0.5 equiv.) BuO,C 2
NMP, rt, 3-8 h, 12 mA, 2-4 F/mol
(+)Mg/(-)RCV
F
Fmoc. N f
FmocmCHO Boc< Cbz. mOC)Ni/@/C Fmoc\NH F
tBuO,C {BuO,C tBuO,C BuO,C tBuO,C F
2 (28%) 3 (57%) 4 (36%) 5 (48%) 6 (40%)
CO,Et
Boc< N Cbz. Cbz. Fmoc< Fmoc<
NH 7)) NH /j o N )Ni/@\ NH s
N S
tBuO,C tBu02C N tBuO,C tBuO,C OMe  tBuO,C
7 (42%) 8 (14%) 9 (21%) 10 (45%) 11 (30%)
CO,Et
Fmoc< Fmoc< /< Fmoc< Fmoc< Fmoc<
NH S\ NH S\ NH S NH S NH S\
N CO,Et
NS S 2 ~
tBUO,C tBuOZC/k)\/ tBquc/'\/l\ tBquc/k)\ {BUO,C N
12 (25%) 13 (42%) 14 (5%) 15 (29%) 16 (29%)
(49% at 3g scale)
F ~ F ~ < F ~
MOCSNH \N’N\ MO NK S’N\>\ CoZ\H s’( M NH o
NG J >~ /
tBuOZC)\)\) tBquc/'\)\N tBquC)\)\ tBuOZC/'\)\
17 (9%) 18 (23%) 19 (13%) 20 (8%)
Fmoc\ Fmoc\ FmOC‘NH / Fmoc\NH
BuUO,C tBuOQC)\/\E 1BU0,C N, tBuOZCJ\/\WS\N
I N N4
21 (33%) 22 (50%) 23 (27%) 24 (27%)
Boc<
NH O “/L\%r
0 / -N
{BUO,C N N-S N, /N“\ 3
fBuO,C < /l\) )\/N B~ N
2 \ />’ S \
25 (36%) Unsuccessful substrates

“In brackets isolated yield after two purifications by flash chromatography.

nable to this chemistry, including pharmaceutically relevant
diazines (products 5—9). Notably, the stereocenter remains
intact during this decarboxylative arylation, as demonstrated by
the chiral UPLC of compound 7 (see Supporting Informa-
tion). This is quite relevant since alternative approaches
starting from dehydroalanine would furnish a racemic
product.”’ Moving toward electron-rich benzenes and 5-
membered heterocycles, a slightly lower reactivity was
observed, in agreement with the reduced ability of these
aromatics to engage in decarboxylative arylations. Yet, a wide
range of heterocycles could be obtained in one-pot using the
methodology described. For instance, thiophene-containing
UAAs 11 and 12, potentially useful as fluorescent chemo-
sensors,”* were obtained in up to 30% yields. Thiazole, another
ubiquitous S-membered ring in medicinal chemistry, could be
embedded too, as reported for UAAs 13—16. Interestingly, the
relative position of the nitrogen atom within the structure can
dramatically impact the outcome, as observed when comparing
regioisomeric UAAs 13 and 14. This could be attributed to the
different stereoelectronic properties of the starting methyl-
thiazole bromide, which affect the catalytical cycle (e.g,

irreversible coordination to nickel).”> Other S-membered
heterocycles incorporated for the first time in a UAA were
N-methyl-pyrazole (unsuccessful in previous studies),'®
thiadiazole, and oxadiazole (entries 17—20), with the last
three representing examples of an aromatic ring containing
three heteroatoms. Isothiazole- and triazole-based coupling
partners were instead unsuccessful in the decarboxylative
arylation, with the mass balance being given by the
dimerization product of the unstable primary radical. The
decarboxylative arylation could also be extended to glutamic
acid, thus obtaining UAAs 21—24, bearing in the side-chain
benzaldehyde (33%), 2-methylthiazole (50%), N-methyl-
pyrazole (27%), and thiadiazole (27%).

Using an RAE derived from a dipeptide, UAA 25 was
isolated in a 36% yield, thus opening possibilities for late-stage
functionalization of small proteins.”® Single-crystal X-ray
crystallography of 25 confirmed its structure, hence high-
lighting that the developed method is a useful strategy to retain
the a-stereocenter. Finally, using the six-reactor carousel, this
methodology can be scaled up to 3 g of starting material in one
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batch, as demonstrated with compound 13 isolated in 1.2 g
(49% vyield).

3. CONCLUSIONS

In conclusion, the synthesis of UAAs by means of side-chain
decarboxylation of aspartic/glutamic acid has been presented.
This simple protocol, requiring short reaction times and
working at room temperature, allowed the incorporation of
challenging electron-rich heterocycles on the lateral chain of
novel UAAs, thus providing a more intuitive retrosynthesis of
high-value targets. These aromatics, especially S-membered
ones, are underrepresented in previously reported UAAs, so
novel building blocks are now available for use in proteomics.
Finally, other relevant features of this methodology are the use
of readily available aryl bromides as well as the possibility to
use cheaper variants based on (+)Al/(—)Nig,,,, electrodes.
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UAA  unnatural amino acid

Asp  aspartic acid

Glu  glutamic acid

RAE  redox-active ester

DME  dimethylformamide

RCV  reticulated vitreous carbon
NHPI N-hydroxyphthalimide
NMP N-methyl-2-pyrrolidone
UPLC ultraperformance liquid chromatography
GC  glassy carbon

Nig,,, Nickel foam
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