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Abstract: A radical o—C—H alkylation of a collec-
tion of N-picolinamide amino acid derivatives with
ethers and cycloalkanes as chemical feedstock is
described. This cross-dehydrogenative coupling is
distinguished by its reliable scalability and remov-
able auxiliary group, and enables the assembly of a
variety of tri- and tetrasubstituted amino acid
compounds.

Keywords: alkylation; amino acid; cross-dehydro-
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Owing to their chemical inertness, ethers such as
tetrahydrofuran, 1,4-dioxane and diethyl ether have
been traditionally employed as common solvents in
organic synthesis. However, the last decade has
witnessed the upsurge of a myriad of C(sp’)-H
functionalization reactions featuring ethers!"! as abun-
dant, yet low-cost chemical feedstocks, thereby provid-
ing a-branched ethers which are prevalent motifs in a
vast array of biologically relevant molecules and FDA-
approved drugs.”) The foremost strategy involves the
homolytic cleavage of the 0-C(sp*)—H bonds adjacent
to the oxygen atom, thus resulting in transient carbon-
centered radicals prone to undergo a subsequent
oxidative coupling process. Likewise, unactivated
hydrocarbons stand out as privileged counterparts that
can participate in these processes following a similar
reaction pathway.”) Despite the wealth of reports, the
coupling of two distinct C(sp’)~H backbones still
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represents a great challenge because often a dual
activation is required.

Amino acids are highly coveted compounds and
their modification in a site-selective fashion poses a
prime scientific goal at the forefront of chemical
biology and organic chemistry.! Metal catalysis has
recently unlocked new paradigms in the field and
enabled the appendance of numerous functional groups
within the amino acid backbone® as well as the side-
chains of the corresponding peptides.” Since the
pioneering work by Li on the cross-dehydrogenative
coupling (CDC) of amino acid derivatives,” this tactic
has evolved into a reliable platform to forge new
C(sp*)—C and C(sp’)-heteroatom bonds within a pep-
tide setting.™ Of particular importance is the radical a-
alkylation of terminal N-aryl glycine derivatives in the
presence of copper” and cobalt catalysts!'” with
simple ethers to assemble new trisubstituted amino
acid derivatives (Scheme 1a). As the majority of the
CDCs,” the presence of a terminal N-aryl group is
required,'! which is not easily removed, and the
process is only applicable within unsubstituted glycine
units. These synthetic downsides were overcome by
the elegant approach by You,!'”! wherein a removable
picolinamide group enabled not only the modification
of glycine but also its challenging substituted con-
geners to produce a,o-disubstituted amino ester com-
pounds. This chelation-assisted protocol allowed for
the installation of nucleophilic indoles!*¥ and
malonates!?*¥ as well as free radical species derived
from methyl arenes'™! (Scheme 1b). However, it
remains an underdeveloped platform with untapped
potential for creating molecular diversity. Inspired by
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Scheme 1. Radical C—H alkylation of amino acid derivatives.

these results and as part of our interest in the
modification of peptides upon radical chemistry,"! we
wondered whether we could use a picolinamide unit as
efficient auxiliary to assist the radical alkylation of
trisubstituted amino acid compounds with solvent-like
molecules, thereby complementing existing method-
ologies and broadening the scope for assembling non-
proteinogenic tetrasubstituted compounds. While this
work was in progress, strategically designed o-amino
acid Schiff bases have been used by Yazaki and
Ohshima to forge highly congested amino acid
derivatives.'""! In this communication, we report a
reliable and scalable C—H alkylation manifold featur-
ing the use of ethers and cycloalkanes toward the
assembly of unnatural amino acid derivatives including
short peptides. Remarkably, the required picolinamide
moiety can be easily cleaved to deliver the correspond-
ing amino group, hence outcompeting with the use of
N-aryl units in these endeavors.

To evaluate the feasibility of our alkylation plat-
form, we selected the coupling of phenylalanine 1a
(PA-Phe-OMe) and cheap and commercially available
1,4-dioxane (Table 1). Careful evaluation of the reac-
tion parameters revealed the viability of our approach
to install the corresponding ether at the a-amino acid
backbone in a radical fashion. The latter may likely
happen through a dual activation of both substrates and
the intermediacy of a carbon centered radical in the
adjacent position to the oxygen atom of 1,4-dioxane."!
In accordance with studies by You,'”' Ni(acac),
showed superior activity to that of other metal sources
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(entries 1-4). Likewise, di-fert-butyl peroxide (DTBP)
afforded better results than other related peroxides
(entries 5-6). The addition of tert-amyl alcohol as co-
solvent was shown beneficial, whereas the use of PhCl
led to traces of product 2aa (entry 7). Importantly, the
amount of Ni(acac), could be reduced from 20 mol %
to 10 mol% or even 5 mol% at the expense of using
DTBP in excess at 140 or 120°C, respectively
(entries 11 and 12). In this regard, a blank experiment
in the absence of Ni(acac), underpinned its role as a
mere additive to favor the reaction conversion and
ruled out its role as a catalyst as a remarkable 51%
yield was obtained in its absence (entry 13). The
performance of the process under argon was found
crucial as the use of an oxygen atmosphere resulted in
traces of 2 aa (entry 14).

Intrigued by the successful use of 2-pyridinecarbon-
yl as efficient auxiliary, the influence of other N-
protecting groups was subsequently evaluated
(Scheme 2). To our surprise, neither the use of 3-
pyridinecarbonyl, 4-pyridinecarbonyl, nor 2-pyridine-
sulfonyl groups was viable for assisting the targeted
alkylation, thus excluding electronic factors as the
dominant ones in the stabilization of the transient
radical intermediates. Likewise, other groups devoid of
the coordinating nitrogen atom such as tosyl, benzoyl,
acetyl, benzyl or Boc groups ushered in the entire lack
of reactivity and the starting materials remained intact
under the standard reaction conditions. Accordingly,
the easily installed 2-pyridine carbonyl group derived
from inexpensive picolinic acid may not act as an
innocent protecting group and seemed key to perform
the radical alkylation with 1,4-dioxane.

With the optimized conditions in hand, we next
investigated the scope of the C(sp’)-H alkylation
protocol with other solvent-like ethers. As depicted on
Table 2, not only 1,4-dioxane but also tetrahydrofuran
could be used to produce a-alkylated product 2ab in
good yields. Remarkably, acyclic ethers such as 1,2-
dimethoxyethane, dibutyl ether, fert-amyl ether, diethyl

Ph
j< [Oj Ni(acac); (5 mol %) Ph]go:?
H + _— e (o)
PG PG
H

“N” “CO,Me o DTBP (4.0 equiv) N7 SCO,Me
H t-amylOH, 140 °C
Ar, 16 h

Protecting Groups

i 2 Q 00 0,0
g o O Lo
_N H _ N

PN NF Z Me

' 62% (dr1: 1)

no reaction no reaction no reaction

)ogf P >Lof%

no reaction no reaction
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no reaction no reaction

Scheme 2. Influence of the N-protecting group.
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Table 1. C—H alkylation of 1a with 1,4-dioxane.™

Ph 3
j< \[ j IM] (20 mol %) >}
CO;Me +
OX|dant (4.0 equiv) COzMe
co-solvent, T
Ar, 16 h

entry M] Oxidant Co-solvent T (°C) 2aa (%)
1 Co(OAc), DTBP none 140 traces

2 Cu(OAc), DTBP none 140 0

3 FeCl, DTBP none 140 0

4 Ni(acac), DTBP none 140 50 (1: 1)
5 Ni(acac), TBPB none 140 0

6 Ni(acac), TBHP none 140 0

7 Ni(acac), DTBP PhCl 140 traces

8 Ni(acac), DTBP MeCN 140 48 (1:1)
9 Ni(acac), DTBP t-amylOH 140 50 (1:1)F
101 Ni(acac), DTBP t-amylOH 120 54 (1:1)
1110 Ni(acac), DTBP t-amylOH 120 61 (1:n)
121 Ni(acac), DTBP t-amylOH 140 62 (1:1)
13 none DTBP t-amylOH 140 51 (1:1)
140 Ni(acac), DTBP t-amylOH 140 0

2] Reaction conditions: 1a (0.25 mmol), 1,4-dioxane (1.0 mL), metal salt (20 mol %), oxidant (4.0 equiv.), co-solvent (0.5 mL) at

120-140°C for 16 h under Ar.

™1 Yield of isolated product after column chromatography.

I Diastomeric ratio.

WDTBP (6.0 equiv.).

[ Ni(acac), (5 mol%).

' DTBP (8.0 equiv.)

&) Ni(acac), (10 mol%).

™ under O, (1 atm). TBHP .=
butylperoxide; TBPB = tert-butyl peroxybenzoate.

ether and hexyl methyl ether smoothly underwent the
corresponding alkylation reaction to deliver products
2ac-2ag in up to 76% yield. When using ethers
including a methoxy group a mixture of isomers was
detected by 'H NMR analysis with predominant
formation of the product arising from the methylene
activation versus the one from the methyl ether unit
(2:1 ratio in 2ac and 2ag). In all cases, the products
were obtained as mixtures of diastercomers (dr 1:1).

Importantly, the functionalization of inert hydro-
carbon C(sp*)—H bonds could be achieved and unac-
tivated cyclohexane and cyclooctane were also em-
ployed to produce the corresponding alkylated
compounds 2ah and 2ai in 27% and 59% yields,
respectively."”! Accordingly, a variety of commonly
used organic solvents played a dual role of reactant
and solvent, thereby resulting in the formation of
sterically hindered C(sp*)—C(sp’) linkages. Unfortu-
nately, the use of trisubstituted ethers or hydrocarbons
resulted in no reaction, which may be due to sterical
issues!'®’ Noteworthy, the robustness and practical
value of the method was demonstrated by performing
the coupling of 1a with dibutyl ether and cyclooctane
in a gram-scale.
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(tert-butyl hydroperoxide solution in decane, 5.0-6.0 M); DCP =dicumyl peroxide; DTBP = di-tert-

With the aim to evaluate the generality of this
alkylation manifold, we next tackled the synthetic
scope concerning the amino acid residue (Table 3).
Various picolinamides derived from a number of amino
acid residues could be coupled with dibutyl ether and
cyclooctane in moderate to good yields (up to 82%
yield). The backbone of Glu, Ser, Asp, Tyr, Met, Leu,
Ala, Gly and B-Ala could be efficiently altered to
produce the corresponding a-alkylated products 2b—
21. More sterically encumbered residues such as pro-
line and isoleucine were found incompatible with our
radical alkylation. Remarkably, despite the use of an
excess of DTBP, oxidizable moieties such as thioether
and hydroxyl in Met and Ser, respectively, remained
unaffected. The tolerance of an aryl chloride in 2g
provides ample room for further derivatizations upon
conventional cross-coupling methods. Importantly, the
scalability of the process was illustrated by the gram-
scale synthesis of compounds 2 ka and 2 kb.

We next explored the synthetic scope in a challeng-
ing peptide template. After a careful screening of the
reaction conditions (see Table S1),'"® we observed that
the alkylation of a set of dipeptides 3 a—e with cyclo-
octane could occur in a metal-free fashion featuring
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Table 2. C—H alkylation of 1a with ethers and alkanes.™"

Ph ph(
H ether or cycloalkane J
PA. Ni(acac), (5 mol %) PA X

N~ copMe —————
H DTBP (8.0 equiv) N COMe
1a t-amylOH, 120 °C 2aa-2ai
Ar, 16 h
ether or cycloalkane
° O+ N
MeO
[ j% o OMe
N 2ab, 66%
0, .
2aa, 62% dr,1'1 o 2ac, 52/.0 (2:1)
dr1:1 : dr1:1
/\/Nbo/\/\ ﬁ/\;bo/\)\ )ﬂﬁo/\
2ad, 60% (59%)! 2ae, 61% 2af, 49%
dar1:1 dr1:1 dar1:1

2ag, 76% (2:1)

0
dr1:4 2ah, 27%

2ai, 59%(68%)[°!

[ Reaction conditions: 1a (0.25 mmol), ether or cycloalkane
(1 mL), Ni(acac), (5 mol %), DTBP (8.0 equiv.) in t~amylOH
(0.5 mL) at 120°C for 16 h under Ar.

™ Yield of isolated product after column chromatography,
average of at least two independent runs.

[ Reaction conditions: 1a (3.52 mmol, 1.0 g), cyclooctane or
Bu,O (14 mL), Ni(acac), (10 mol%), DTBP (4.0 equiv.) in ¢-
amylOH (7 mL) at 140 °C for 16 h under Ar.

the use dicumyl peroxide as oxidant. In these cases,
the addition of Ni(acac), did not improve the reaction
yields and hence an appealing metal-free procedure
was followed. As shown in Table 4, the Gly unit within
peptides bearing Phe, Leu, Glu and Pro could be
modified to produce sterically encumbered architec-
tures 4a—4d. Notably, a more complex tetrapeptide
could be also alkylated with cyclooctane, albeit
product 4e was obtained in 44% yield. Unfortunately,
attempts with PA-Phe-Phe-OMe and PA-Phe-Pro-OMe
were unsuccessful, which could be attributed to a high
sterical hindrance.

Although the introduction of a picolinamide unit is
required for the process to occur, the latter can be
easily removed under treatment with HCIl and Zn.!'”
As depicted on Scheme 3, deprotection of 2 ai afforded
a,0-disubstituted compound 5a housing a versatile
free-amino group in excellent yields. The deprotection
step can be also performed in a sequential mode
without isolating the ensuing alkylated compound to
deliver Sa in 60% overall yield. Notably, the cleavage
of the picolinamide unit within dipeptide 4b can be
achieved via a two-step one-pot operation to deliver
Boc-protected product 5b in 67% yield.

Concerning the reaction mechanism, it is exten-
sively accepted that DTBP can readily form alkyl
radicals from hydrocarbons and ethers! and, in fact,
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we observed that the reaction was entirely suppressed
in the presence of radical traps such as TEMPO, BHT
and 1,1-diphenylethylene. However, the actual nature
of the electrophilic intermediate derived from the
amino acid counterpart in these oxidative couplings
still remains a matter of debate. In this respect,
elemental steps to produce N-centered or carbon
radicals as well as transient radical cations may be
likely involved under these experimental conditions.!"™
The latter may undergo a radical-radical coupling or
could also evolve to the formation of other electro-
philic species such as a neutral imine or an iminium
ion."!" Accordingly, computational studies would be
clearly required to propose a reliable mechanistic
pathway.

In summary, we have unlocked the chemical
versatility of ethers and unactivated cycloalkanes as
sustainable feedstock to assemble sterically encum-
bered tetrasubstituted amino acid compounds. Salient
features of this method are the widespread availability
and low-cost of the solvent-like counterparts, scalabil-
ity and the easy installation and cleavage of the
required 2-pyridinecarbonyl group. As a result, this
dehydrogenative radical coupling represents a useful
tool for the modification of biomass compounds and
forge sterically hindered new C(sp’)—C(sp’) bonds.

Experimental Section

General procedure for the a-alkylation of amino acid
derivatives: A reaction tube containing a stirring bar was
charged with 1a (0.25 mmol, 71 mg) and Ni(acac), (10 mol %,
6.42 mg). The reaction tube was then evacuated and back-filled
with dry argon (this sequence was repeated up to three times).
Then, 1,4-dioxane (1.0 mL), a commercially available solution
of DTBP (1.0 mmol, 182 pL) and f-amylOH (0.5 mL) were
added by syringe under argon atmosphere. The reaction tube
was next warmed up to 140 °C in a heating block and stirred for
16 hours. The mixture was then allowed to warm to room
temperature and evaporated under vacuum. The resulting crude
was then purified by column chromatography to afford 58 mg
(62% yield) (dr 1:1) of 2aa as a colorless oil. The character-
ization data correspond to a diasteromeric mixture (dr 1:1). 'H
NMR (300 MHz, CDCl;) 6 8.85 (s, 0.5H), 8.75 (s, 0.5H), 8.58—
8.50 (m, 1H), 8.18 (d, /=7.8 Hz, 1H), 7.86 (tdd, J=7.7, 1.7,
0.6 Hz, 1H), 7.47-7.38 (m, 1H), 7.23-7.16 (m, 2H), 7.15-7.06
(m, 3H), 4.32-4.13 (m, 2H), 4.10-4.02 (m, 1H), 3.83 (s, 1.5H),
3.81 (s, 1.5H), 3.78-3.63 (m, 3H), 3.61-3.51 (m, 2H), 3.49-
3.34 (m, 1H). "C NMR (75 MHz, CDCly) & 171.4, 170.5,
164.1, 164.0, 149.9, 149.8, 148.44, 148.42, 137.43, 13741,
135.8, 135.2, 130.2, 130.1, 128.4, 128.3, 127.3, 127.0, 126.4,
122.1, 122.0, 78.9, 75.9, 68.2, 67.9, 67.7, 66.6, 66.5, 66.4, 65.7,
53.0,52.7,37.7,35.3. IR (cm™"): 3358, 2955, 2917, 2855, 1742,
1676, 1514, 1434, 1114, 1089, 731, 701. HRMS (ESI) m/z:
(M) calcd. for (C,0H,,N,05): 370.1529, found 370.1528.

General procedure for the a-alkylation of peptides: A
reaction tube containing a stirring bar was charged with peptide
derivative 3a (0.25 mmol, 85mg) and dicumyl peroxide

© 2022 The Authors. Advanced Synthesis & Catalysis
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Table 3. Assembly of tetrasubstituted amino ester compounds upon C—H alkylation with ethers. ™"

/R"\ . Ni(acac), (10 mol %) \/\/Or/
PA. NN
N COMe 2 DTBP (4.0 equiv) PA. 7\ CO2Me
t-amylOH, 140 °C H R
1a-11 Ar, 16 h 2ad-2I
Amino ester
\ /
MeO,C Si,
Ph OH o)
OBu OBu
oA OBu PA. oA OBu PA.
H CO,Me H CO,Me H CO,Me N CO,Me

2b, 59% (dr 1:1)l]
from PA-GIu(OMe)—OMe

\;/iOBu

CO,Me

2fa 45% (dr 1:1)
from PA- Tyr(OMe) OMe

2ad, 61% (dr 1:1) (59%)!!
from PA-Phe-OMe

MeO,C
OBu

F’A\H CO,Me

2e, 74% (dr 1:1)
from PA-Asp(OMe)-OMe

PA OBu
H CO,Me

PA (

2i, 79% (dr 1:1)
from PA-Leu-OMe

2j, 54% (dr1:1)
from PA-Ala-OMe

2¢, 34% (dr 1:1)l
from PA- Ser OMe

MeS
OBu PAN
- H

N CO,Me

29, 63% (dr 1:1)
from PA-(4- CI)Phe -OMe

2d, 51% (dr 1:1)
from PA-Ser(OTBS)-OMe

OBu
CO,Me

2h, 61% (dr 1:1)
from PA-Met-OMe

OBu

OBu
N~ "CO,Me N
H H

PA .
COzMe

2ka, 55% (dr 1:1) (51%)
from PA-Gly-OMe

ether or cycloalkane
Ph Ph (0]
Ar 3
PA PA N PA
N7 “Co,Me PAN"Sco,Me N7 Co,Me "N” “COzMe
H H L .

2fb, (Ar = p-OMePh), 82% (dr 1:1)
from PA-Tyr(OMe)-OMe

2la, 68% (dr 1:1)

from PA- -Phe-OMe

2kb, 54% (51%)!
from PA-Gly-OMe

2lb, 61% (dr 1:1)
from PA--Phe-OMe

[ Reaction conditions: 1 (0.25 mmol), ether or cycloalkane (1 mL), Ni(acac), (10 mol%), DTBP (4.0 equiv.) in t-amylOH

(0.5 mL) at 140°C for 16 h under Ar.

® Yield of isolated product after column chromatography, average of at least two independent runs with a variable yield by no

more than 5% between runs.

11 (0.25 mmol), ether or cycloalkane (1 mL), Ni(acac), (5 mol%), DTBP (8.0 equiv.) in z-amylOH (0.5 mL) at 120°C for 16 h

under Ar.
[ Reaction performed at gram-scale.

(1.0 mmol, 270 mg). The reaction tube was then evacuated and
back-filled with dry argon (this sequence was repeated up to
three times). Then, cyclooctane (1.0 mL), and famylOH
(0.50 mL) were added by syringe under argon atmosphere. The
reaction tube was next warmed up to 140°C in a heating block
and stirred for 16 hours. The mixture was then allowed to warm
to room temperature and evaporated under vacuum. The
resulting crude was then purified by column chromatography to
afford 58.7 mg (52% yield) of 4a as a colorless oil. 'H NMR
(400 MHz, CDCl5) 6 8.59 (dd, J=4.8, 1.5 Hz, 1H), 8.42 (d, J=
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9.3 Hz, 1H), 8.17 (dd, J=7.9, 1.2 Hz, 1H), 7.86 (td, J=7.7,
1.7 Hz, 1H), 7.45 (ddd, J=7.5, 4.8, 1.2 Hz, 1H), 7.20-6.92 (m,
5H), 6.56 (d, J=7.9 Hz, 1H), 4.88 (dd, J=7.8, 6.1 Hz, 1H),
4.45 (dd, J=9.3, 6.7 Hz, 1H), 3.70 (s, 3H), 3.16 (dd, J=13.9,
5.7 Hz, 1H), 3.06 (dd, J=13.9, 6.5 Hz, 1H), 2.28-2.22 (m, 1H),
1.76-1.13 (m, 14H). *C NMR (126 MHz, CDCly) & 171.8,
170.9, 164.6, 149.4, 148.4, 137.4, 135.8, 129.3, 128.6, 127.1,
126.5, 122.5, 59.1, 53.2, 52.4, 39.2, 38.0, 30.4, 28.1, 26.8, 26.5,
264, 26.1, 25.4. IR (cm™'): 3303, 2920, 1741, 1655, 1510,
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PA.. HCl, Zn HN™ ~COM
~ —_— > e
N" "COMe THF-H,0, rt ? ?
2ai 5a, 90%
Ph
j\ cyclooctane
Ni(acac), (10 mol % HCI, Zn Bn
PALC OMe (acac); ( o)
" a DTBP (4.0 equiv)  THF-H,O, 1t HN" "COMe
t-amylOH, 140 °C 5a, 60%
Ar, 16 h
1) HCI, Zn, THF-H,0, rt H
H JHC, Zn 2 Boc. A, N._CO,Me
PA~N N._-COzMe  2) Boc,0, EtsN, CH,Cly, 1t Hol :
H o § =
4b 5b, 67%
Scheme 3. Removal of the picolinamide group.
Table 4. C—H alkylation of peptides.*"!
cycloctane
PA . ) DCP (4.0 equiv)
N/\n/ ( q
H g t-amylOH, 140 °C
Ar, 16 h
3a-e
Peptides
H
PA\N N._-COMe PA\N COzMe PA COzMe
oo H
4a, 52% 4b 50% 4c, 48 /o
dr1:1 dr1:1 ariq COMe
PA. N -COsMe
PAL N N \)L \/gf ’
H 6 coMe
4d, 50% de, 44%
dr1:1 dr1:1

[ Reaction conditions: 3 (0.25 mmol), cyclooctane (1 mL),
DCP (4.0 equiv.) in t~-amylOH (0.5 mL) at 140°C for 16 h
under Ar.

™ Yield of isolated product after column chromatography,
average of at least two independent runs.

1177. HRMS (ESI) m/z:
451.2471, found 451.2460.

M"Y caled. for (Cy,Hy;N;0,):
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