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Catalytic N-modification of a-amino acids and
small peptides with phenol under bio-compatible
conditions
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The functionalization of a-amino acids and peptides provides the opportunity to tailor the
properties of these biomolecules for diverse applications in chemistry and biology. Previous
methods for N-modification involve the use of aliphatic alcohols, aldehydes, or halides.
Alternatively, phenolic compounds are more desirable alkylating reagents as they constitute
the backbone of lignin, making them an attractive bio-renewable resource. Here we report a
method to N-modify 17 out of the 20 amino acids with phenol or derivatives, with water as
the sole by-product. N-arylation is achieved using 2-cyclohexen-1-one and cyclohexanone as
the coupling partners. Notably, phenol is successfully used to N-cyclohexylate a-amino acids
and small peptides in excellent yields under bio-compatible conditions without racemization.
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mino acids are bio-renewable, C-chiral, nitrogen-
A containing feedstocks with a plethora of different appli-

cations. In addition to their biological function as protein
building blocks, amino acids serve different purposes within
organic chemistry. Due to their inherent chirality they may
function as organocatalysts!=3, ligands®, and as structural back-
bones in pharmaceuticals>® and agrochemicals>”-8. The N-ter-
minus is a ubiquitous and practical handle, which can be used to
introduce diverse functional groups that can significantly alter the
amino acid’s physiological and pharmacological activities®!0,
especially when incorporated into peptides!'l. In addition, these
modifications can facilitate the characterization of the N-terminal
amino acid by adding fluorescent labels for easy identification by
light absorbing methods®, or in a peptide chain by mass
spectrometrylz.

Amino acids are challenging substrates for coupling reactions
due to their low nucleophilicity, pH sensitivity, and the broad
range of reactive functionalities at the a-position. Despite these
challenges, the N-arylation of amino acids has been achieved
using the classical Ullmann!3!4 and the Buchwald-Hartwig
coupling reactions!. Amino acid N-mono-alkylation has often
been attained by reductive amination using boron or transition
metal complexes as the reducing agents!®7, and most recently
through hydrogen borrowing strategies enabling the use of ali-
phatic alcohols as the alkylating reagents'®1°. Despite the versa-
tility of these methods some challenges such as the use of organic
halides, low selectivity and high temperatures remain to be
addressed.

Previously, our group reported the use of phenols and 2-
cyclohexen-1-one as precursors to N-alkylated?>?! and N-ary-
lated?2-2* amines. Phenols, in particular, are one of the most
abundant aromatic feedstocks on the planet, both from the coal-
based industry and as the core structure in lignins?°. In addition,

0}
TR
HZNVCOQR
R2 +
Enantiopure OH
= ]
R
NS

via controlled hydrogenation, phenols can be transformed into
cyclohexanones?®, switching them to readily modifiable structures
through nucleophilic addition. Vice versa, by dehydrogenating
cyclohexanone, a phenolic core can be re-obtained?”. This ability
to tune a structure so finely has led to significant progress in the
development of chemical reactions. Based on our previous work,
and inspired by the possibility of modifying amino acids using
naturally abundant sources, we began to investigate the possibility
of using 2-cyclohexen-l1-one and phenols as reagents for
N-terminal modification under biocompatible conditions.

Here we report the successful N-modification of amino acids
using phenols and cyclohexenones (Fig. 1). Upon optimization we
found that N-arylation is achieved using 2-cyclohexen-1-one and
cyclohexanone as the coupling partners with up to 74% vyield,
while phenol is successfully used to N-cyclohexylate 17 out of the
20 natural a-amino acids as well as small peptides in excellent
yields under bio-compatible conditions without racemization.

Results

Amino acid N-arylation with 2-cyclohexen-1-one and cyclo-
hexanone. We began by investigating the N-arylation of glycine
methyl ester (1) as the model substrate for the reaction (Fig. 2).
The hydrochloride salt was chosen because amino esters have a
higher stability as salts since the formation of 2,5-diketopiper-
azines (dimerization product) is no longer feasible. Using amino
acids in their free carboxylic acid form resulted in decomposition
of the starting materials under the reaction conditions due to
decarboxylation. The transformation was initially tested using
palladium on carbon with a 10 mol% Pd loading in toluene under
an argon atmosphere, and an excess amount of 2-cyclohexen-1-
one (2) to facilitate nucleophilic addition. The desired product 3
was obtained in 47% yield, accompanied by a 20% yield of the N-
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Fig. 1 Overview of this work. N-modifications of a-amino acids achieved using cyclohexenone and phenol
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Fig. 2 Model system for optimization. Palladium catalyzed N-arylation of glycine methyl ester hydrochloride 1 using 2-cyclohexen-1-one 2
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cyclohexylated product 4 (Table 1, entry 1). Different bases were
added to the reaction in 50 mol% loading with the aim of
favouring imine formation (Table 1, entries 2-6). CaCO; gave the

Table 1 Optimization of the reaction conditions for the N-
arylation of glycine using 2-cyclohexen-1-one

Entry Atm Additive (mol%) Yield (%)
3a 4b 5a
1 Ar - 47 20 ND
2 Ar DMAP (50) 40 ND ND
3 Ar NaHCO3 (50) 45 18 ND
4 Ar Cs,C0O5 (50) 40 30 ND
5 Ar K,CO3 (50) 42 24 ND
6 Ar CaCOs (50) 63 15 ND
7 Ar CaCOs3 (60) 44 28 ND
8 0, - 64 8 Traces
9 0, CaCOs (30) 52 ND 8
10 0, CaCOs (20) 69 7 Traces
e 0, CaCOs3 (20) 74 10 Traces

Reaction conditions: 1 (0.24 mmol, 1 equiv.), 2 (0.48 mmol, 2 equiv.), Pd/C (5 wt%, 0.48 mmol)
additive, Ar or O, saturated toluene (1mL), 15h, 140 °C

atm atmosphere ND not detected

aYield determined by 'TH NMR using 1,3,5-trimethoxybenzene as the internal standard

bYield determined by GC-MS

CReaction was run for 4 h

Pd/C (5 wt%) 10 mol%

best results, yielding 63% of 3, and 15% of 4 (Table 1, entry 6).
Increasing the quantity of base resulted in loss of activity (Table 1,
entry 7). This fine tuning of the pH is required to free enough
amino acid from its hydrochloric salt form, while leaving enough
acid to allow for the subsequent imine formation. The formation
of compound 4 was investigated by kinetic studies (Supplemen-
tary Figure 1). We concluded that 4 is obtained from the
hydrogenation of product 3 and, once formed, slowly decomposes
over time. Thus, running the reaction under an atmosphere of
oxygen was investigated to accelerate the release of H, being
adsorbed onto the catalyst’s surface?®. This led to a 64% yield of 3
and a decrease in the formation of 4-8%. Traces of the biarylated
product 5 were also detected. Formation of product 5 indicated
an increase in catalytic activity of the system (Table 1, entry 8).
This result prompted us to investigate lower amounts of base in
the system, with 20 mol% of CaCO; proving optimal for the
formation of 3 in 69% yield (Table 1, entry 10). Further kinetic
studies (Supplementary Table 1) showed that the reaction was
completed within 4 h, giving the desired product 3 in a 74% yield
(Table 1, entry 11). For the effect of different palladium catalysts
see supporting information (Supplementary Table 2). While
previous work in our group regarding the arylation of
secondary amines used Pd (II) as the catalyst’3, we have
only achieved arylation of primary amines using heterogeneous
Pd (0) catalysts?2. We reasoned that this might be due to primary
amines readily coordinating to the Pd (II) heterogeneous
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Fig. 3 Amino acid and cyclohexenone substrate scope for the N-arylation reaction. Reaction conditions: 1, 1a-1k (0.24 mmol, 1 equiv.), 2, 2I-2n (0.48 mmol,
2 equiv.), Pd/C (5 wt%, 0.48 mmol), CaCO5 (0.048 mmol, 0.2 equiv.), O,saturated toluene (1 mL), 140 °C. [l 50 mol% of CaCO5 was used. Modified
reaction times are shown in parenthesis.[PJO-tBu tyrosine methyl ester *HCl was used as starting material
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Fig. 4 Model system for optimization. Palladium catalyzed N-arylation and bi-arylation of glycine methyl ester hydrochloride using cyclohexanone

Table 2 N-Arylation of glycine methyl ester hydrochloride
using cyclohexanone under different conditions

Entry Conditions Yield (%)?
3 5
12 2 equiv. 6, Pd/C (5wt%) 10 mol%, 58 10
0.2 equiv. CaCOs3, 15h
2b 4 equiv. 6, Pd/C (5wt%) 20 mol%, 26 65

5.0 equiv. CaCOs3, 24 h

Yield determined by TH NMR using 1,3,5-trimethoxybenzene as the internal standard
@Reaction conditions: 1 (0.24 mmol, 1 equiv.), 6 (0.48 mmol, 2 equiv.), Pd/C (5 wt%, 0.48
mmol), CaCO3 (0.048 mmol, 0.2 equiv.), O, saturated toluene (1mL), 140°C, 15h
bReaction conditions: 1 (0.24 mmol, 1 equiv.), 6 (0.96 mmol, 4 equiv.), Pd/C (5 wt%, 0.96
mmol), CaCO3 (1.2 mmol, 5.0 equiv.), O, saturated toluene (1mL), 140°C, 24 h

catalysts, which might lead to decomposition of the starting
material by B-hydride elimination. Different supports were also
tested, Lewis acidic and basic supports did not improve the
reaction yield.

With the optimized conditions in hand, various amino acids
and cyclohexenones were tested as substrates (Fig. 3). Overall,
amino acids with aliphatic R! chains gave the best reaction yields.
Glycine tert-butyl ester afforded the product 3a in 25% yield. The
lower yield, compared to glycine methyl ester, might be the result
of the tert-butyl group being cleaved under the reaction
conditions, leading to de-carboxylation of the starting material.
B-Alanine gave a lower product yield of 3b, which might be a
result of the increased basicity at the N-H group, rendering it
more likely to stay protonated under the reaction conditions.
Amino acids can racemize following the formation of the Schiff
base as the a-proton can be abstracted from the pseudo-
anhydride imine intermediate, see supporting information
(Supplementary Figure 2) for a proposed mechanism based on
previous mechanistic studies?l-2°. The enantiomeric retention of
products 3¢ (52% ee), 3d (97% ee), and 3e (100% ee) indicates
that the substitution and steric hinderance at the a-position can
impact the rate in which the acid-base equilibrates, leading to
improved enantiomeric retention. Tert-butyl protected serine
(Fig. 3, product 3i) gave higher yields compared to other
heteroatom-containing amino acids. Deprotected or benzyl
protected serine led to decomposition of the starting material.
Amino acids with aromatic R chains (phenylglycine, phenyla-
lanine and tyrosine) gave poor yields (3j-31), as dearomatization
of the R! chain was also obtained as a side product. The
cyclohexenone scope proved to be more limited (products 3m-
30). Based on previous work by our group, we anticipated that
sterics and electronics would have strong effects?3, an effect which
seemed to be enhanced when using less nucleophilic amines,
since imine formation happens more reluctantly.

In parallel, cylohexanone (6) was tested as a possible substrate,
based on the fact that 2-cyclohexen-1-one has the potential to be
reduced during the reaction process (Fig. 4). Under the optimized
conditions (Table 2, entry 1), the formation of biarylated product
5 was obtained in higher yields than when 2-cyclohexen-1-one

OH
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+
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7 8 24 h, tt, Ar

Fig. 5 Model system for optimization. Palladium catalyzed N-
cyclohexylation of glycine using phenol

Table 3 Optimization of the reaction conditions for the N-
cyclohexylation of glycine using phenol

Entry 8 (equiv) Reducing agent Yield (%)
(equiv.)? 3b
1 1.5 HCO,Na (4) 96
2 1.5 HCO,Na (6) >99
3 1 HCO,Na (6) 86
4¢ 1.5 HCO,Na (6) 9
5d 1.5 HCO,Na (6) >99
6° 1.5 HCO,Na (6) >99
7t 15 HCO,Na (6) 89
8 15 H, balloon 19
9 1.5 NaBH,4 (6) 46

Reaction conditions: 7 (0.2 mmol, 1 equiv), 8, reducing agent, Pd/C (10 wt%, 0.2 mmol), H,O (1
mb), 24 h, rt.

3Equivalency respective to phenol

bYield determined by TH NMR using DMSO as internal standard

€5 mol% of Pd/C (10 wt%) was used instead of 10 mol%. Despite sonication and vigorous
stirring the catalyst did not disperse properly into solution. Causing the catalyst to adhere to the
stir bar reducing the effective loading

dpd/C recycled for the first time

ePd/C recycled for the second time

fPd/C recycled for the third time

was used as the substrate. Upon increasing the catalyst loading to
20 mol%, the base to 5.0 equiv., and running the reaction for 24 h,
biarylated product 5 was obtained in 65% yield (Table 2, entry 2).
We propose that the requirement for a higher loading of Pd/C is
because an oxide shell forms on palladium throughout the
reaction as was observed by XPS (see supporting information,
Supplementary Note 4 and Supplementary Figures 3-5). When 2-
cyclohexen-1-one (2) was tested under the latter conditions, 55%
yield of product 5 was obtained.

Amino acid N-cyclohexylation with phenol. Given the harsh
conditions required for the re-aromatization reaction, we envi-
sioned favoring the formation of the reduced product under
milder conditions. Previously, our group[20] and that of Vac-
caro?® had shown the feasibility of cyclohexylating amines in
water, encouraging us to develop an applicable methodology for
all amino acids and peptides under bio-compatible conditions.
We used glycine as the model substrate at room temperature in
water, with phenol as the coupling reagent and palladium on
carbon as the catalyst (Fig. 5). Using 2 equivalents of HCO,Na
with respect to phenol, produced the desired product in 11% yield
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Fig. 6 Different coupling partners for the N-cyclohexylation of glycine. Reaction conditions: 7 (0.2 mmol, 1 equiv.),A (0.3 mmol, 1.5 equiv.), HCO,Na (1.8
mmol, 6 equiv.), Pd/C (10 wt%, 0.2 mmol), H,O (1 mL), 24 h, rt. Yielddetermined by TH NMR using DMSO as internal standard. ND: not detected

(Table 3, entry 1), and by increasing the loading to 4 equivalents
the yield drastically improved to 96% (Table 3, entry 2). Further
increasing the loading to 6 equivalents gave a quantitative yield
(Table 3, entry 3). Attempts to reduce the amount of phenol
(Table 3, entry 4) or Pd/C (Table 3, entry 5) resulted in lower
yields of N-cyclohexylglycine (9). Nonetheless, we were pleasantly
surprised to find that the Pd/C catalyst could be recovered and
reused for up to three cycles upon filtration, before a decrease in
activity was observed (Table 3, entries 6-8). Using hydrogen or
sodium borohydride as the reducing agents (Table 3, entries
9-10) significantly decreased the efficiency of the reaction.

We tested cyclohexanol, cyclohexanone, and 2-cyclohexen-1-
one as coupling partners under the optimized conditions (Fig. 6).
As suspected, the alcohol was the only species unsuitable for the
transformation since imine formation cannot proceed. Only the
mono N-cyclohexylation was observed when using both cyclo-
hexanone and 2-cyclohexen-1-one. These results strongly suggest
that phenol is reduced in-situ to a ketone, aminated, and further
reduced to yield product 9%°.

The reaction scope was investigated under the optimized
conditions, proving to be efficient in the N-cyclohexylation of 17
out of the 20 naturally occurring amino acids without protecting
groups (Fig. 7). Sulfur containing compounds deactivated the
palladium catalyst, making them inaccessible substrates for this
methodology. Amino acids with non-polar, aliphatic R! chains,
including p-alanine (9, 9a-9d), as well as those with polar
uncharged (9e-9i), aromatic (9j-91), and polar charged R! chains
(9m-9q) were excellent substrates for the reaction and showed
that functional groups such as alcohols, carboxylic acids, and
amides were compatible. In the case of O-unprotected tyrosine
(9k), the phenol ring was also reduced, but no side reactions were
observed. By using O'Bu-Tyr (3k), this problem was circum-
vented, and aromaticity was maintained. Lysine resulted in the
doubly N-cyclohexylated product (90), requiring that double the
equivalents of phenol be added. Some substrates required the use
of gentle heating at 50 °C, or the addition of methanol to the
reaction solvent to solubilize the substrate in water. Given our
success, we were set to test more challenging substrates such as
di-, tri-, and tetra- peptides which, if necessary, could be later on
conjugated to longer amino acid chains through traditional
coupling processes. Glycine peptide chains were chosen as model
substrates and were succesfully N-cyclohexylated (9r-9t) with
solubility being the only limitation to the process. The solubility
of these peptides can be readily tuned by modifiying the different
substituents in the R! chains, making this an efficient procedure

for their N-modification. Finally, various phenolic compounds
were examined as coupling partners, with para-substitued
compounds being well tolerated (9u-9x), and di-substituted
phenols leading to a lower yield due to steric effects (9'y). When
para-chloro phenol (8z) was used as the substrate, the product
with the cleaved chlorine group was obtained in quantitative
yields, consistent with previous reports®®. To test for enantio-
meric retention we selected product 9j since the a-proton could
easily racemize due to its benzylic position. In addition, the
reaction for phenylalanine (7j) was performed at 50 °C, making
the conditions harsher than for most of the substrates. Upon
running the reaction under the described conditions, we found
that the N-cyclohexylated product 9j was generated without any
racemization.

Discussion

Bio-renewable feedstocks were successfully used to synthesize N-
modified amino acids with phenols as the alkylation reagents and
Pd/C as the catalyst. The N-arylation requires high temperatures
due to the high energy required to aromatize the cyclohexyl ring.
Nevertheless, the N-cyclohexylation was successfully achieved for
17 out of the 20 naturally occurring amino acids under bio-
compatible conditions without racemization. With these techni-
ques in hand, we hope that we can move towards the use of more
sustainable feedstocks for the modification of bio-compounds
with applications in chemical biology, pharmaceuticals, and
agrochemicals.

Methods

Amino acid N-arylation. In an acid washed, flame dried, U-shaped microwave vial,
charged with a stir bar; the amino acid (0.24 mmol, lequiv.), CaCO; (4.8 mg, 0.048
mmol, 0.2 equiv.), and the dried Pd/C (5 wt%) (0.48 mmol, 51.1 mg) were added
under air. The vial was flushed with oxygen three times and 1 mL of dry, oxygen
saturated toluene was then added under an oxygen flow. 2-Cyclohexen-1-one (0.48
mmol, 47 uL) was finally added to the vial via syringe. The vial was capped with a
Teflon-lined septa fitted within an aluminum crimp cap and was submerged in a
preheated oil bath at 140 °C with stirring at 500 rpm for the indicated time. The
reaction was then lifted from the oil bath and left to cool down to room tem-
perature without interrupting the stirring. The aluminum cap was removed, and
the reaction was diluted using ethyl acetate. The Pd/C was then removed by fil-
tration through celite, washing with additional ethyl acetate. Solvent was removed
in vacuo and residue was purified by preparatory TLC on silica gel. See Supple-
mentary Notes 1-3 for comments on catalyst activation, toluene O, saturation and
reproducibility.

Amino acid N-cyclohexylation. In a U-shaped microwave vial, charged with a stir
bar, the amino acid (0.2 mmol, 1 equiv.), phenol (0.3 mmol, 1.5 equiv.), HCO,Na
(1.8 mmol, 6 equiv.), and Pd/C (10 wt%) (0.2 mmol, 25.5 mg) were added under air.
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Fig. 7 Amino acid and phenolic substrate scope for the N-cyclohexylation reaction. Reaction conditions: 7, 7a-7t (0.2 mmol, 1 equiv.), 8, 8u-8y (0.3 mmol,
1.5 equiv.), HCO,Na (1.8 mmol, 6 equiv.), Pd/C (10 wt%, 0.2 mmol), H,O (ImL), 24 h, rt. [2] Temperature increased to 50 °C to improve solubility. bl mL
of a 11 MeOH:H,0O mixture was usedas the solvent. [€1 1 mmol of starting material used in 0.3 mL of 20% MeOH in H,0

The vial was flushed with argon three times and 1 mL of distilled water was then
added under an argon flow. The vial was capped with a rubber septum and stirring
was set at 500 rpm for 24 h at the indicated temperature. The septum was then
removed and the reaction was diluted using distilled water. The Pd/C was then
removed by filtration through celite, washing with additional water and methanol.
Reaction was acidified to pH = 0 with HCI to be able to remove formic acid in
vacuo. The reaction mixture was then neutralized, concentrated in vacuo and
filtered with cold methanol, to remove NaCl, in order to obtain the pure product.

Materials and experimental procedures. See Supplementary Methods and
Supplementary Notes 1-3.

Kinetic studies. See Supplementary Figure 1 and Supplementary Table 1.
Reaction optimization. See Supplementary Table 2.

Catalyst characterization. See Supplementary Note 4 and Supplementary
Figures 3-5.

Characterization of products. See Supplementary Figures 6-16 for HPLC chro-
matograms and Supplementary Figures 17-101 for NMR spectra.

Data availability. We declare that the data supporting the findings of this study are
available within the article and Supplementary Information file, or from the cor-
responding author upon reasonable request.
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