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A palladium-catalyzed enantioselective three-component reaction of glyoxylic acid, sulfonamides and aryltrifluoroborates is de-

scribed. This process provides modular access to the important a-arylglycine motif in moderate to good yields and enantioselec-

tivies. The formed a-arylglycine products constitute useful building blocks for the synthesis of peptides or arylglycine-containing

natural products.

Introduction

o-Amino acids play a crucial role in every aspect of our human
life [1]. They are important synthetic intermediates in the chem-
ical industry and used for the production of drugs, fertilizers,
(biodegradable) polymers or nutritional supplements [2]. More
importantly, a-amino acids form the backbone of all proteins
and enzymes are therefore essential for almost all biological
processes. In the last twenty years non-proteinogenic and chem-
ically synthesized unnatural amino acids received increasing
attention due to advances in protein-engineering and the devel-
opment of protein-based therapeutics [3,4]. Among the differ-

ent types of non-proteinogenic and unnatural amino acids,

a-arylglycines play a particular important role. The arylglycine
scaffold can be found in several well-known natural products
with interesting biological properties, such as the glycopeptide
antibiotics vancomycin and teicoplanin [5] or feglymycin [6], a
13mer peptide which contains nine a-arylglycines in its back-
bone. a-Arylglycine derivatives are used in the production of
important drugs, e.g., the antiplatelet drug clopidogrel [7] or the
B-lactam antibiotic amoxicillin [8] (Figure 1).

Therefore, the chemical synthesis of a-aryglycines has received

considerable attention. Among the different methods intro-
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Figure 1: Biologically active molecules containing a-arylglycine motifs (highlighted in green and blue).

duced over time, multicomponent reactions utilizing an in situ
generated reactive imine species provide a very flexible ap-
proach to the arylglycine scaffold [2,9]. The Petasis borono-
Mannich reaction constitutes a prominent example for such an
imine-based multicomponent reaction (Scheme 1a). The reac-
tion of glyoxylic acid, an amine component and an arylboronic
acid offers a highly modular access to arylglycines from three
readily available building blocks [10-12]. The Petasis borono-
Mannich reaction usually proceeds in the absence of any
external catalyst via zwitterionic intermediates and an intramo-
lecular transfer of the aryl residue form the activated boronate
to the electrophilic iminium carbon, leading to the amine prod-
uct as racemic mixture. Consequently, examples for asym-
metric Petasis borono-Mannich reactions are rare [13] and
usually rely on the utilization of chiral amine components in
stoichiometric amounts [10,11].

As part of our research program utilizing the in situ generation
of reactive imine species, we have disclosed iron- and bismuth-
catalyzed three-component reactions for the synthesis of a-aryl-

glycines [14-16], in which the arylboronic acid could be

replaced with an electron-rich (hetero)arene as nucleophile. In
parallel, we have developed palladium-catalyzed three-compo-
nent reactions between arylboronic or carboxylic acids, amides
or sulfonamides and different aldehyde components as attrac-
tive and broadly applicable alternative to the classical Petasis
borono-Mannich reaction (Scheme 1b) [17-21]. Recently, we
were able to extend these transformations to a palladium-cata-
lyzed enantioselective synthesis of a-arylglycine bearing a free
carboxylic acid functionality directly from the parent glyoxylic
acids (Scheme 1c) [22]. We could show that the desired aryl-
glycine can be synthesized in good to excellent enantioselectivi-
ties. However, depending on the nature/substitution pattern of
the arylboronic acid, some of the arylglycine products could
only be obtained in very low enantioselectivities. This can be
attributed to a fast, uncatalyzed racemic background reaction of
the boronic acids, in particular for electron-rich or sterically
hindered arylboronic acids.

Herein, we report an improved version of this palladium-cata-

lyzed enantioselective three-component reactions using aryltri-

fluoroborates as replacement of the arylboronic acid building
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a) classical Petasis borono-Mannich reaction:
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(0] + Hzo COOH
R'NH, + RZB(OH), + )J\ HN
H” "COOH — B(OH)3 R' R?
1 2 3 4
R2 = aryl, alkenyl
b) Pd-catalyzed enantioselective three-component synthesis of arylglycine esters:
Pd(TFA),
O\ P o (S,S)PrBox 0 0 €O
S + R?BOH), + I S s
R "NH, H™ ~CO0O0 MeNO, R H R
40°C,64 h
5 2 6 7
c) Pd-catalyzed enantioselective 3-component reaction with free glyoxylic acid:
Pd(TFA)
o. 0 2 co
g ] (S,S")-iPrBox O, Y ¥ 2
R™°NH, + RZB(OH), + L RTS\N/\Rz
H™ ~CO0O0 MeNO, H
5 2 3 40°C,64 h 8
d) this work:
o. 0 Pd(TFA), co
3t , Q (8.S)iPBox O 72
R NH»> + R BF3K + J‘k R \N/\RZ
H> "COO MeNO, H
5 9 40°C,64 h 8

- extension to stable ArBF3K salts

- decreased racemic background reaction due to slow release of ArB(OH),

Scheme 1: The Petasis reaction — fundamental reactivities and recent developments.

block (Scheme 1d). The broader scope of this 2nd generation
protocol is exploiting a slow release of the boronic acid from
the aryltrifluoroborates and enables to enantioselectively
synthesize of a broader variety of arylglycines, including a
common building block for several biologically active com-

pounds.

Results and Discussion

During our previous studies, we observed that the enantioselec-
tivity of the three-component coupling of glyoxylic acid (em-
ployed as its solid, easy-to-handle monohydrate) with 2,2,4,6,7-
pentamethyl-2,3-dihydrobenzofuran-5-sulfonylamide, and an
arylboronic acid was significantly affected by the nature of the
boronic acid. Whereas the reaction with phenylboronic acid
afforded the Pbf-protected [23] phenylglycine derivative 10a in
high yield and enantioselectivity, an almost racemic mixture of
10b was obtained from the corresponding (p-methoxy-

phenyl)boronic acid (2b, Scheme 2a). This decrease in enantio-

selectivity can be attributed to a faster racemic background
reaction (pathway A) via ate complex 11a [10] of the electron-
rich, more nucleophilic (p-methoxyphenyl)boronic acid (2b),
which outcompetes the palladium-catalyzed pathway B
(Scheme 2b). In turn, suppression or at least a significant decel-
eration of the uncatalyzed background reaction should lead to
an increase in enantioselectivity. Decreasing the arylboronic
acid to active catalyst ratio could be one possible opportunity to
decrease the rate of the background reaction. Thus, we envi-
sioned that this could be achieved by the slow generation of
small amounts of the boronic acid from a suitable precursor.
Among different boronic acid derivatives, we identified aryltri-
fluoroborates as most promising candidates for the slow genera-
tion of the corresponding arylboronic acids under our slightly
acid reaction conditions [24].

Therefore, we performed two initial control experiments. The

reaction of potassium phenyltrifluoroborate with 2,2,4,6,7-
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Scheme 2: Observations from previous studies and mechanistic rationale.

pentamethyl-2,3-dihydrobenzofuran-5-sulfonylamide and
glyoxylic acid in nitromethane at 40 °C in the presence and
absence of our previously established Pd(TFA),-S,S-iPrBox
catalyst system (Scheme 3). To our delight, the palladium-cata-

lyzed transformation afforded the desired a-arlyglycine in 30%
yield and an enantiomeric ratio of 94:6. In the absence of a cata-
lyst, the racemic product was formed in 61% yield. The com-

parison with the uncatalyzed reaction using free phenylboronic
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Scheme 3: Initial experiments.

acid showed that the reaction of the phenyltrifluoroborate is
considerably slower (61% yield after 16 h vs 89% after 2 h with
PhB(OH),). These preliminary studies confirmed our initial
hypothesis that aryltrifluoroborates can be utilized as precur-
sors for a slow release of the free boronic acid in our palladium-

catalyzed three-component reaction.

Therefore, we started to optimize the reaction conditions for the
use of potassium aryltrifluoroborate salts (Table 1). A quick

Table 1: Reaction optimization.

Beilstein J. Org. Chem. 2023, 19, 719-726.

o, 0 COOH

~

N
MeNO,, o)
40°C,2h
14a
61%
PA(TFA), 10.0 mol % o, 0 COOH
S,S-iPrBox 15.0 mol % \N/\©
H
MeNO,, o
40°C, 16 h
10a

30%; 94:6 er

survey of different solvents showed that the reaction proceeds
efficiently only in nitromethane (Table 1, entry 1). Reactions in
other common solvents, such as ethyl acetate, acetonitrile, tetra-
hydrofuran or dichloromethane led to the formation of the aryl-
gylcine in trace amounts (Table 1, entries 2-5). Contrary to our
previous report with arylboronic acids, the presence of air is
highly detrimental to the reaction outcome (Table 1, entry 6).
Therefore, inert conditions were employed throughout all subse-
quent studies. Increasing the reaction temperature to 60 °C and

QS PA(TFA), 10.0 mol % O COOH

S<\H - BFK O  ho SS-PrBox15.0 mol % SN

2 4 Ej + )J\ 2 S\N

o} = H> "COOH  solvent, temperature, H/\©
time, additives o
5a 9a 3 10a
1.0 equiv 2.0 equiv 1.3 equiv

Entry Conditions Yield (%)2 er
1 10 mol % Pd(TFA)z, 15 mol % ligand L1, 40 °C, 16 h, MeNO, 30 94:6

2 EtOAc instead of MeNO» traces -

3 MeCN instead of MeNO» traces -

4 THF instead of MeNO» traces -

5 CH.Cl, instead of MeNO» traces -
6 under N atmosphere 40 98:2
7 reaction at 60 °C 54 96:4
8 reaction at 80 °C 55 94:6
9 64 h reaction time 45 98:2
10 with 2.6 equiv glyoxylic acid monohydrate 65 97:3
11 with 2.6 equiv glyoxylic acid monohydrate, 1.0 equiv CaCOg, 2.0 equiv 79 96:4

tartaric acid; MS 4 A

3Isolated yield of analytically pure product.
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80 °C furnished the desired product in increased yields of 54
and 55%, respectively, together with a slight erosion of enantio-
selectivity (Table 1, entries 7 and 8). Prolonging the reaction
time to 64 h increased the yield to 45% without affecting the en-
antioselectivity (Table 1, entry 9). Also, increasing the amount
of glyoxylic acid monohydrate to 2.6 equivalents furnished the
arylglycine product in an improved yield of 64% and compa-
rable enantioselectivity (Table 1, entry 10). During our experi-
ments, we often observed partial clouding of the used glass
vessel, most likely due to slow release of hydrofluoric acid, an
effect which has been observed before with trifluoroborate salts
[25]. Since the release of hydrofluoric acid could lead to
complications with acid-labile substrates (e.g., the Pbf-pro-
tected compound 10a) and safety issues, we decided to investi-
gate the influence of various fluoride scavengers as additives in
the three-component process [25,26]. An extensive study (not
shown), revealed that most common scavengers either led to a

Beilstein J. Org. Chem. 2023, 19, 719-726.

decreased yield, a decreased stereoselectivity or a combination
of both. Yet a combination of CaCOj3, tartaric acid, and 4 A mo-
lecular sieves, each already employed a HF scavenger by itself,
did afford the desired arylglycine in high yields and enantiose-
lectivities (Table 1, entry 11). Although, the use of this scav-
enger combination did lead to a slightly decreased enantioselec-
tivity (96:4 vs 97:3), we decided to rely on these conditions in

order to avoid potential troubles arising from HF release.

With the optimized conditions identified, next we studied the
reaction of glyoxylic acid monohydrate and 2,2,4,6,7-
pentamethyl-2,3-dihydrobenzofuran-5-sulfonylamide with dif-
ferent aryltrifluoroborate salts. To our delight, these three-com-
ponent reactions afforded the desired arylglycines in consis-
tently high levels of enantioselectivity, even for electron-rich
aryltrifluoroborates (Scheme 4). This can be highlighted by the
synthesis of the methoxy-substituted arylglycine 10b, which

N/ BE-K Pd(TFA), 10.0 mol % COOH
S. o . X AN K 15.0 mol % :
N NH> Py HO0 ] Pbf< N
\ +
o H” “COOH S 1.0 equiv CaCO;y Rl R
| 2.0 equiv L-tartaric acid
MeNOZ N2
5a 3 9 40°C, 64 h 10
1.0 2.6 2.0 MS 4 A
COOH COOH COOH COOH
Pbf Pbf< N Pbf Pbfs - N
H Hool H Hoo
OMe F c
10a 10b 10c 10d

79%; 96:4 er
(64%; 99:1 er)

55%; 87:13 er
(68%; 60:40 er)

COOH

Pbf. .~

10e 10f
56%; 96:4 er
(61%; 92:8 er)

COOH COOH

PM\NJ PM\N/ PM\NJ
H H H
Cl Br

10h 10i
30%; 52:48 er traces
(23%; 64:36 er) (16%; 59:41 er)

57%; 96:4 er
(74%; 88:12 er)

COOH
X

Pbf
. b\H |
H =

14%; 99:1 er

39%; 94:6 er
(66%; 87:13 er)

COOH

H

10g
13%; 93:7 er
(47%; 74:26 er)

QP
Pbf=
e =

CF3

COOH

10j
traces

Scheme 4: Reaction scope — aryltrifluoroborates (yields and enantiomeric ratios in parentheses refer to our previous study with the corresponding

boronic acids [22]).
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was obtained in 55% yield and an enantiomeric ratio of 87:13
(compared to 68% and an enantiomeric ratio of 60:40 with the
boronic acid). As in the case of arylboronic acids, reactions with
a sterically hindered ortho-substituted trifluoroborate furnished
the arylglycine product in almost racemic form. Unfortunately,
reactions with aryltrifluoroborates did not proceed as effi-
ciently as with the free boronic acid and the arylglycine prod-
ucts 10c—j were obtained in decreased yields compared to our
previous reactions with ArB(OH),. We assume that a faster
protodeborylation, presumably associated with the release of
HF, leads to this general decrease of the isolated yields.

As already demonstrated in our previous work, the Pbf-pro-
tected arylglycine products can be directly used as building
blocks for peptide synthesis [22].

Finally, we utilized our method for the preparation of a pro-
tected version of p-hydroxyphenylglycine (Scheme 5), a
common structural motif in vancomycin, teicoplanin,
feglymycin, and amoxicillin. Therefore, the OBn-protected
aryltrifluoroborate was subjected to our standard reaction condi-
tions, affording the desired N,O-protected (S)-arylglycine deriv-
ative 10k in 38% yield and an enantiomeric ratio of 88:12. By
employing the corresponding R,R-iPrBox-ligand the second en-
antiomer, (R)-arylglycine 101 could be prepared with a similar

yield and enantioselectivity.

Pd(TFA), 10.0 mol %

Beilstein J. Org. Chem. 2023, 19, 719-726.

Conclusion

In summary, we have reported a palladium-catalyzed enantiose-
lective three-component reaction of aryltrifluoroborates, sulfon-
amides, and glyoxylic acid. This method is an improved exten-
sion of our pervious protocol with arylboronic acids and
provides access to enantioenriched a-arylglycines with an im-
proved substrate diversity. It can be used for the direct synthe-
sis of peptide-like building blocks, which can find direct appli-
cation in the total synthesis of arylglycine-containing natural
products. Currently, we are performing a detailed mechanistic
study in order to overcome still existing limitations of the
method and to provide a truly general approach to arylglycines
with uniformly high yields and enantioselectivities.

Supporting Information
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