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Abstract

Soai's asymmetric autocatalysis represents a highly remarkable example for

spontaneous symmetry breaking and enantioselective amplification in the

enantioselective alkylation of pyrimidine-5-carbaldehydes to the corresponding

chiral pyrimidine alcohols. Recently, zinc hemiacetalate complexes, formed

from pyrimidine-5-carbaldehydes and the chiral product alcohol, were

identified by in situ high-resolution mass spectrometric measurements as

highly active transient asymmetric catalysts in this autocatalytic transforma-

tion. To study the formation of such hemiacetals and their stereodynamic

properties, we focused on the synthesis of coumarin homolog biaryl systems

with carbaldehyde and alcohol substituents. Such systems are able to form

hemiacetals by intramolecular cyclization. An interesting feature of the

substituted biaryl backbone is that tropos and atropos systems can be obtained,

enabling or disabling the intramolecular cyclization to hemiacetals. Biaryl

structures with various functional groups were synthesized, and the equilib-

rium and stereodynamics between the closed and open structures were investi-

gated by dynamic enantioselective HPLC (DHPLC). The enantiomerization

barriers ΔGǂ and activation parameters ΔHǂ and ΔSǂ were determined from

temperature dependent kinetic measurements.
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1 | INTRODUCTION

The selective formation of enantiomerically pure
compounds plays a significant role for biomolecules in
nature. Homochirality of biomolecular building blocks is
mandatory for the reproducible replication as well as in

recognition processes and therefore for the evolution of
life.1,2 The study of asymmetric catalysis and autocataly-
sis are of great interest because of potential non-linear
effects and amplification of enantiomeric excesses
(ee's).3,4 Such systems can provide hints to the develop-
ment of homochirality in nature. In particular, systems
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yielding high ee's starting from very low ee's are the most
interesting.5 Soai's asymmetric autocatalysis fulfills all
these criteria. In an asymmetric autocatalytic reaction,
the chiral reaction product serves as a catalyst, selectively
catalyzing its own formation.6 In 1990, Soai et al. realized
this in the addition of Zn (iPr)2 to pyridine-3-carbalde-
hyde7 and later to pyrimidine-5-carbaldehydes showing
pronounced autocatalytic properties.8 Several research
groups have been engaged in the mechanistic investiga-
tion of this fascinating reaction. Besides Soai and co-
workers,9-11 the groups of Blackmond,12 Brown et al.,13,14

and Amedjkouh et al.15-17 focused on the elucidation of
the Soai reaction by experimental investigations.18 Recent
mechanistic investigations by the groups of Denmark19,20

and Trapp21,22 proposed two different mechanistic
approaches.23 In 2020, Denmark et al. proposed a homo-
chiral tetramer in a square-macrocycle-square conforma-
tion of the product alkoxide as catalytically active species
in the Soai reaction.21,22 Trapp et al. proposed a different
mechanism for the Soai reaction, based on identified
hemiacetalate complexes, which are formed from the
aldehyde and Zn-alkoxide. The configuration of the Zn-
alkoxides determines the configuration of the newly
formed stereogenic center of the hemiacetalate.23 The
identified transient Zn-hemiacetalate-catalyst has R,R or
S,S configuration (cf. Figure 1), which is highly efficient
in coordinating the substrate and Zn (iPr)2 leading to an
enantioselective alkylation and propagation of the R or
S configuration, respectively. The formation of the tran-
sient hemiacetalate catalyst has a barrier ΔGǂ of 82.6 kJ/
mol,23 which also explains the long induction period.
Doping experiments by transferring the formed transient
hemiacetalate catalyst at the apex of formation from a
reacting Soai reaction to a freshly prepared reaction mix-
ture shift the inflection point of the s-shaped reaction
profile (cf. Figure 2A, solid line), thereby shortening the
induction period by 55 sec compared to the normal

reference reaction (cf. Figure 2A, dashed line). Such a sig-
nificant shift is not observed when a Soai reaction is
doped with the same amount of a completed reaction or
addition of the product Zn-alcoholate, proofing that the
alcohol itself is not the catalyst.23

Therefore, we focus on the stereodynamics of
coumarin homolog biaryl structures, which are able to
form intramolecular hemiacetals (cf. Figure 2B).

These structures are interesting from two perspec-
tives: Such systems can form tropos biaryls with high
stereodynamic flexibility or can be atropisomers, if the
free rotation around the central σ-bond is hindered by
substituents,25–30 naphthyl moieties or bridging cyclic
structures.31 Furthermore, the combination of the
carbaldehyde and alcohol moiety enable an equilibrium

FIGURE 1 Identified catalytically active transient Zn-

hemiacetalate-complex explaining the autocatalytic behavior of the

Soai's asymmetric autocatalysis.23

FIGURE 2 (A) Reaction progress of the autocatalytic

conversion of (2-(tert-butylacetylene-1-yl)pyrimidine-

5-carbaldehyde (black) and (R)-2-(tert-butylacetylene-1-yl)

pyrimidine-5-(iso-butan-1-ol) (red) in Soai's reaction. With (solid

line) and without (dashed line) initial presence of the transient

catalyst. (B) Dynamic structure motif forming hemiacetals.24
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between the open form and a six-membered ring. Upon
ring-closure, a stereogenic center is formed by the
hemiacetal, while the stereogenic axis is getting simulta-
neously lost by planarization of the system. In addition, it
represents potentially another interesting example for
Mislow's paradox, where an interconversion between
enantiomers becomes possible along a chirality-
preserving path.32,33

In context of Soai's asymmetric autocatalysis, such
hemiacetals can serve as substrate and catalyst-ligand at
the same time. In general, such motifs are of interest to
design and synthesize self-adaptable catalysts.34-37 How-
ever, it is important to note that the hemiacetals in Soai's
asymmetric autocatalysis are formed by intermolecular
reaction of the formed alcohol with the substrate
aldehyde, whereas the presented hemiacetals here are
obtained by an intramolecular reaction.

Here, we synthesized eight structures that contain a
combination of such stereodynamic motifs, which
are also found in natural products, as exemplified
in substituted 1-(20hydroxyphenyl)-naphtalene-
2-carbaldehydes and their equilibria between open
hydroxy aldehydes and cyclic lactol structures.38 We
studied this structural motif with respect to a potential
directional shift of the equilibrium depending on the aryl
residues of the biaryl moiety. The stereodynamic
behavior and the ring closing properties of the prepared
structures were analyzed by enantioselective dynamic
HPLC (DHPLC)39–43 experiments and solvent dependent
NMR measurements.

2 | MATERIALS AND METHODS

2.1 | General procedures

All air and moisture sensitive reactions were carried out
under Ar atmosphere, which has been dried over silica
gel and molecular sieve (4 Å). Standard Schlenk tech-
nique was applied and all glassware was flame-dried
before use.

2.2 | Solvents and reagents

Anhydrous solvents were used as received from Sigma-
Aldrich Chemie GmbH stored under dry argon and
molecular sieve (3 Å) or were taped from the solvent
purification system MBraun SPS-800 and used immedi-
ately. Degassed solvents were prepared according to the
pump-thaw process in three successive freezing cycles
and subsequently stored under Ar in Young ampoules.
All chemicals were purchased from manufacturing and

trading companies (abcr GmbH, Sigma-Aldrich-Merck)
used without further purification.

2.3 | Analytical methods

NMR spectra were recorded on a Bruker Avance III HD
spectrometer (400 MHz). The multiplicity is abbreviated
as the following: s (singlet), d (doublet), t (triplet), and m
(multiplet). Multiple coupling signals were assigned
using subscripted abbreviations as described. The atom
numbering is not based on IUPAC nomenclature. The
assignment was performed by two-dimensional experi-
ments (1H-1H-COSY, 1H-13C-HSQC, and 1H-13C-HMBC).
Mass spectroscopic data was collected with a Thermo Q
Exactive Plus Hybrid Quadrupole Orbitrap mass
spectrometer using electrospray ionization (ESI). For
solid-state IR analysis, a Thermo Fisher Nicolet 6700
FT-IR-Spectrometer was used. Column chromatography
was performed using silica gel (pore size 60 Å, 70–230
mesh, 63–200 μm) obtained from Sigma-Aldrich Chemie
GmbH. Thin layer chromatography was performed on
coated aluminum sheets (Machery-Nagel POLYGRAM
SILG/UV 254). Components were visualized by
fluorescence through irradiation with UV light (254 nm).
HPLC-MS measurements were carried out on an Agilent
Technologies 1200 HPLC-MS (Agilent Technologies,
California, USA), equipped with a binary solvent pump,
membrane solvent degasser, an autosampler, DAD
detector, and a quadrupole mass spectrometer Agilent
6120, equipped with an APCI source. All solvents used
for HPLC-MS experiments (n-hexane, isopropyl alcohol)
were used in HPLC-grade quality and provided by Sigma-
Aldrich-Merck.

2.4 | Synthesis

2.4.1 | Procedure for optimized Suzuki-
coupling A

A flame dried round bottom flask was charged with
halogen aldehyde (1.00 equiv.), boronic acid (1.50 equiv.),
and sodium carbonate (2.30 equiv.). The educts were dis-
solved in degassed THF, MeOH, and water. Afterwards,
bis (triphenyl-phosphine)palladium (II) dichloride (0.11
equiv.) was added, and the mixture was refluxed over
night at 70�C. Subsequently, the reaction mixture was
diluted with water and EtOAc (1:2). The layers were
separated and extracted three times with EtOAc. The
combined organic layers were dried over Na2SO4. The
solvent was removed in vacuo, and the crude product
was purified via column chromatography.
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2.4.2 | Procedure for optimized Suzuki-
coupling B

A flame dried round bottom flask was charged with
halogen aldehyde (1.00 equiv.), boronic acid (1.36 equiv.),
and sodium carbonate (3.90 equiv.). The educts were dis-
solved in DME, EtOH, and/or degassed water. The mixed
solution was subsequently degassed by passing argon
through a cannula for 1 h. Afterwards, tetrakis
(triphenyl-phosphine)palladium(0) (0.10 equiv.) was
added, and the mixture was refluxed over night at 80�C.
Subsequently, the reaction mixture was diluted with
water. The layers were separated and extracted three
times with diethyl ether. The combined organic layers
were dried over Na2SO4. The solvent was removed in
vacuo, and the crude product was purified via column
chromatography.

2.4.3 | 20-Hydroxy-[1,10binaphtalene]-
2-carbaldehyde (3)

Compound 3 was prepared according to literature.44 A
flame dried round bottom flask was charged with
binaphto[2,1-b:10,20-d]furan 211 (1.40 g, 5.22 mmol, 1.00
equiv.) and dissolved in anhydrous diethyl ether (50 ml)
and toluene (16 ml) under argon atmosphere. Lithium
(79.7 mg, 11.5 mmol. 2.20 equiv.) was added at 0�C, and
the reaction mixture was stirred for 24 h at room
temperature. The reaction mixture was cooled to �78�C,
and DMF (323 μl, 4.17 mmol, 0.80 equiv.) was added.
The suspension was stirred for 2 h at the set temperature
and then for additional 15 h at room temperature. The
reaction was quenched with hydrochloric acid (3 M,
30 ml). Subsequently, the organic layer was separated,
washed with hydrochloric acid (3�30 ml), and dried over
Na2SO4. The solvent was removed in vacuo, and the
crude product was purified via column chromatography
(silica, n-pentane:EtOAc, 5:1, Rf = 0.219). 20-Hydroxy-[1,-
10binaphtalene]-2-carbaldehyde 3 (0.797 g, 2.67 mmol,
51%) was obtained as a light brown solid.

1H NMR (600 MHz, CDCl3, T = 293.15 K, δ): 9.70
(s, 1H), 8.21 (d, 3J = 8.6 Hz, 1H), 8.11 (d, 3J = 8.7 Hz,
1H), 8.01 (d, 2J = 8.3 Hz, 1H), 7.99 (d, 2J = 8.9 Hz, 1H),
7.90 (d, 2J = 8.2 Hz, 1H), 7.66 (dd,

2,2J = 8.2, 6.7 Hz,
1H), 7.46 (dd,

2J = 8.5, 3J = 1.2 Hz, 1H), 7.40
(dd,

2J = 8.4, 3J = 1.2 Hz, 1H), 7.38–7.35 (m, 1H), 7.34
(d, 2J = 9.0 Hz, 1H), 7.26 (m, 1H), 6.95 (d, 2J = 8.6 Hz,
1H), 4.75 (s, 1H).

13C NMR (151 MHz, CDCl3, T = 293.15 K): δ (ppm)
= 192.1, 151.6, 138.5, 136.7, 134.4, 133.3, 132.5, 131.0,
129.8, 129.5, 128.8, 128.6, 128.1, 127.7, 127.4, 126.7, 124.6,
123.9, 122.6, 117.4, 113.6.

HR-MS (EI+, chloroform): [M + H]+:
C21H14O2 + H+, calculated m/z 299.1067, found m/z
299.1030.

IR (KBr): ν = 3376.1, 1680.1, 1664.3, 1616.8, 1593.7,
1514.2, 1428.9, 1380.1, 1273.6, 1231.0, 1201.1, 1172.9,
1142.9, 975.3, 871.3, 819.6, 690.3, 669.6 cm�1.

2.4.4 | 1-(2-Chloro-6-hydroxyphenyl)-
2-naphthaldehyde (7)

1-Bromo-2-naphthaldehyde45 (1.00 g, 4.25 mmol, 1.00
equiv.), (2-chloro-6-hydroxyphenyl)boronic acid (1.03 g,
5.80 mmol, 1.36 equiv.), and sodium carbonate (1.76 g,
16.6 mmol, 3.9 equiv.) were added to a flame dried round
bottom flask and dissolved in DME (120 ml) and
degassed water (30 ml). Tetrakis (triphenylphosphine)
palladium(0) was added (12.3 mg, 10.6 μmol, 0.05 equiv.),
and the suspension was refluxed for 24 h at 80�C. Water
(50 ml) was added, the layers were separated, and the
aqueous layer was extracted with diethyl ether (3�50 ml).
The crude product was purified via column chromatogra-
phy (silica, n-pentane:EtOAc, 10:1 to 3:1, Rf[3:1] = 0.564).
1-(2-Chloro-6-hydroxyphenyl)-2-naphthaldehyde 7 (978 mg,
3.46 mmol, 81%) was obtained as a yellow solid.

1H NMR (600 MHz, CDCl3, T = 293.15 K, δ): 9.89
(s, 1H), 8.13 (d, 2J = 8.6 Hz, 1H), 8.05 (d, 2J = 8.6 Hz,
1H), 7.98 (d, 2J = 8.1 Hz, 1H, H3), 7.71–7.65 (m, 1H),
7.57–7.51 (m, 2H), 7.40 (t, 2J = 8.2 Hz, 1H), 7.21
(dd,

2J = 8.2 Hz, 3J = 1.0 Hz 1H), 7.02 (d, 2J = 8.3 Hz,
1H), 4.75 (s, 1H).

13C NMR (151 MHz, CDCl3, T = 293.15 K, δ): 191.52,
154.84, 137.41, 136.48, 135.23, 132.19, 131.54, 130.85,
129.94, 129.39, 128.64, 127.80, 125.98, 122.50, 121.90,
120.74, 114.31.

HR-MS (ESI+, EtOAc): [M-H]�: C17H11O2Cl-H
�,

calculated m/z 281,0375, found m/z 281.0375.
IR (KBr): ν = 3148.8, 1687.8, 1660.5, 1617.8, 1594.5,

1444.9, 1329.7, 1287.3, 1243.5, 1028.8, 975.7, 900.5, 819.0,
782.1, 670.5 cm�1.

2.4.5 | 6H-Naphtho[2,1-c]chromen-6-ol (8)

The reaction followed synthesis procedure A. 1-Bromo-
2-naphthaldehyde44,45 (1.00 g, 4.25 mmol), (2-hydroxy-
phenyl)boronic acid (880 mg, 6.38 mmol), sodium
carbonate (1.04 g, 9.78 mmol), and bis (triphenyl-
phosphine)palladium (II) dichloride (328 mg, 468 μmol)
were dissolved in THF (15 ml), MeOH (10 ml), and water
(7 ml). Purification via column chromatography (silica,
cyclo-hexane:EtOAc; 3:1, Rf = 0.810) served 6H-naphtho
[2,1-c]chromen-6-ol 8 (568 mg, 2.29 mmol, 54%) as a light
brown solid.
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1H NMR (800 MHz, CDCl3, T = 293.15 K, δ): 8.63
(d, 3J = 8.4 Hz, 1H), 8.11 (d, 3J = 8.3 Hz, 1H), 7.81
(dd,

2J = 7.8 Hz, 3J = 1.8 Hz, 1H), 7.67 (s, 1H), 7.55–7.45
(m, 4H), 7.26–7.22 (m, 1H), 7.02 (d, 2J = 8.3 Hz, 1H), 6.76
(s, 1H).

13C NMR (201 MHz, CDCl3, T = 293.15 K, δ): 151.6,
135.0, 130.2, 129.7, 129.0, 128.9, 128.63, 128.59, 126.9,
126.5, 126.3, 125.7, 123.4, 122.9, 122.7, 118.8, 93.80.

HR-MS (ESI+, chloroform): [M-H2O]
+: C17H12O2-

H2O+, calculated m/z 231.0804, found m/z 231.0807.
IR (KBr): ν = 3098.2, 1596.7, 1483.2, 1451.4, 1393.1,

1234.1, 1196.1, 1102.8, 1049.7, 1037.1, 996.6, 963.1, 916.0,
804.0, 782.2, 751.9, 686.0 cm�1.

2.4.6 | 5H-Chromeno[3,4-b]pyridin-5-ol (12)

The reaction followed synthesis procedure B.
3-Chloropicolin-aldehyde (500 mg, 3.53 mmol), (2-hydro-
xyphenyl)boronic acid (731 mg, 5.30 mmol), sodium
carbonate (3.18 g, 30.0 mmol), and tetrakis (triphenyl-
phosphine)palladium(0) (408 mg, 353 μmol) were dis-
solved in DME (27 ml), EtOH (14 ml), and water (10 ml).
Purification via column chromatography (silica, cyclo-
hexane EtOAc; 1:1, Rf = 0.405) served 5H-chromeno
[3,4-b]bipyridin-5-ol 12 (255 mg, 1.28 mmol, 36%) as a
colorless solid.

1H NMR (600 MHz, CDCl3, T = 293.15 K, δ): 8.57
(dd,

2J = 4.9 Hz, 3J = 1.5 Hz, 1H), 8.20 (dd,
2J = 8.0 Hz,

3J = 1.4 Hz, 1H), 7.80 (dd,
2J = 7.8 Hz, 3J = 1.5 Hz, 1H),

7.49 (dd,
2J = 8.0 Hz, 3J = 4.8 Hz, 1H), 7.38 (td,

2J = 8.1 Hz, 3J = 7.3 Hz, 1H), 7.19 (m, 1H), 7.16 (m, 1H),
6.57 (s, 1H).

13C NMR (101 MHz, CDCl3, T = 293.15 K, δ): 150.7,
149.0, 147.6, 130.8, 130.5, 124.9, 124.8, 123.2, 122.6, 118.8,
92.1.

HR-MS (ESI+, EtOAc): [M + H]+: C12H9NO2 + H+,
calculated m/z 200.0706, found m/z 200.0707.

IR (KBr): ν = 2704.6, 1608.5, 1571.7, 1454.8, 1418.1,
1302.3, 1248.4, 1206.2, 1195.8, 1107.9, 1054.0, 1042.0,
995.6, 885.6, 851.2, 819.5, 780.8, 738.5, 699.3 cm�1.

2.4.7 | 5H-Chromeno[4,3-b]pyridin-5-ol (11)

The reaction followed synthesis procedure B.
2-Chloronicotin-aldehyde (500 mg, 3.53 mmol), (2-hydro-
xyphenyl)boronic acid (731 mg, 5.30 mmol), sodium
carbonate (3.18 g, 30.0 mmol), and tetrakis (triphenyl-
phosphine)palladium(0) (408 mg, 353 μmol) were dis-
solved in DME (27 ml), EtOH (14 ml), and water (10 ml).
Purification via column chromatography (silica, cyclo-
hexane:EtOAc; 1:1, Rf = 0.513) served 5H-chromeno

[4,3-b]bipyridin-5-ol 11 (475 mg, 2.38 mmol, 68%) as a
yellow solid.

1H NMR (800 MHz, DMSO-d6, T = 293.15 K, δ): 8.67
(dd,

2J = 4.7 Hz, 3J = 1.6 Hz, 1H), 8.23 (dd,
2J = 7.7 Hz,

3J = 1.7 Hz, 1H), 7.81 (dd,
2J = 7.6 Hz, 3J = 1.7 Hz, 1H),

7.59 (d, 2J = 6.2 Hz, 1H), 7.42–7.38 (m, 2H), 7.14 (t,
2J = 7.5 Hz, 1H), 7.07 (dd,

2J = 8.1 Hz, 3J = 1.3 Hz, 1H),
6.46 (d, 2J = 6.1 Hz, 1H).

13C NMR (200 MHz, DMSO-d6, T = 293.15 K, δ):
152.8, 150.0, 146.1, 134.2, 131.1, 126.9, 123.9, 123.9, 123.0,
121.8, 121.5, 117.8, 92.07.

HR-MS (ESI+, EtOAc): [M + H]+: C12H9NO2 + H+,
calculated m/z 200.0706, found m/z 200.0707.

IR (KBr): ν = 2696.1, 1610.7, 1594.3, 1494.7, 1470.8,
1452.0, 1430.3, 1304.9, 1241.7, 1197.7, 1156.5, 1129.8,
1102.2, 1038.8, 990.8, 971.3, 883.1, 807.1, 791.6, 758.1,
722.4 cm�1.

2.4.8 | 8-(Trifluoromethyl)-5H-chromeno
[4,3-b]pyridin-5-ol (14)

The reaction followed synthesis procedure B.
2-Chloronicotin-aldehyde (225 mg, 1.59 mmol),
(2-hydroxy-4-(trifluoromethyl)-phenyl)boronic acid
(491 mg, 2.38 mmol), sodium carbonate (656 mg,
6.2 mmol), and tetrakis (triphenyl-phosphine)-palladium
(0) (184 mg, 159 μmol) were dissolved in DME (14 ml),
EtOH (7 ml), and water (7 ml). Purification via column
chromatography (silica, cyclo-hexane:EtOAc; 1:1,
Rf = 0.475) served 8-(trifluoromethyl)-5H-chromeno
[4,3-b]-bipyridin-5-ol 14 (260 mg, 973 μmol, 61%) as a
light brown solid.

1H NMR (600 MHz, CDCl3, T = 293.15 K, δ): 8.74
(dd,

2J = 4.8 Hz, 3J = 1.6 Hz), 8.46 (d, 2J = 8.1 Hz, 1H,
H8), 7.75 (dd,

2J = 7.7 Hz, 3J = 1.7 Hz, 1H), 7.41 (d,
2J = 8.1 Hz, 1H), 7.38–7.35 (m, 2H), 6.56 (s, 1H).

13C NMR (151 MHz, CDCl3, T = 293.15 K, δ): 152.2,
150.8, 145.5, 134.6, 126.2, 125.3, 124.5, 123.7, 122.7, 119.2,
115.27, 92.8.

MS (APCI+, 2-propanol): [M + H]+: C13H8F3NO2 + H+,
calculated m/z 268.7, found m/z 268.1.

IR (KBr): ν = 3060.2, 1599.8, 1511.7, 1446.2, 1422.4,
1327.4, 1278.9, 1245.9, 1194.2, 158.0, 1138.0, 1125.8, 1109.3,
1052.8, 968.3, 948.1, 873.7, 837.7, 786.3, 724.5, 663.0 cm�1.

2.4.9 | 6H-Benzo[c]chromen-6-ol (16)

The reaction followed synthesis procedure A.
2-Bromophenol (1.00 g, 5.78 mmol), (2-formylphenyl)
boronic acid (1.30 g, 8.67 mmol), sodium carbonate
(1.41 g, 13.30 mmol), and bis (triphenyl-phosphine)
palladium (II) dichloride (328 mg, 468 μmol) were
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dissolved in THF (15 ml), MeOH (10 ml), and water
(7 ml). Purification via column chromatography (silica,
n-pentane:EtOAc; 4:1, Rf = 0.740) served 6H-naphtho
[2,1-c]chromen-6-ol 16 (748 mg, 3.77 mmol, 65%) as a
light brown solid.

NMR spectroscopic data were not assigned due to
remaining impurities after purification with column
chromatography. The identity of compound 16 was
confirmed by HPLC-MS (cf. Figure 4).

IR (KBr): ν = 3085.2, 1608.3, 1487.2, 1457.9, 1439.6,
1296.8, 1242.2, 1194.5, 1126.7, 1098.0, 1055.2, 1029.7,
1015.5, 948.1, 811.7, 757.2, 717.9, 731.3 cm�1.

HR-MS (ESI+, EtOAc): [M-H2O]
+: C13H9O + H+,

calculated m/z 181,0648, found m/z 181,0650.

2.4.10 | 3-Hydroxy-2-(4,4,5,5-tetramethyl-
1,3,2-dioxaborolan-2-yl)benzaldehyde (18)

In a flame-dried Schlenk tube under argon, 17 (300 mg,
1.21 mmol, 1.00 equiv.), KOAc (356 mg, 3.63 mmol, 3.00
equiv.), B2pin2 (338 mg, 1.33 mmol, 1.10 equiv.), and Pd
(dppf)2Cl2 (88.5 mg, 121 μmol, 0.10 equiv.) were dis-
solved in DMF (5.6 ml) and stirred at 80�C. After 19 h,
the solution was allowed to cool to RT., HCl (aqueous,
2 M, 10 ml) was added, and the solution was extracted
with DCM (3 � 20ml). The combined organic layers
were washed with saturated aqueous Na/K-tartrate
solution (10ml) and dried over MgSO4. Volatiles were
removed in vacuo. The crude product was purified by
column chromatography (silica, n-pentane/EtOAc 9:1 to
5:1) to give 18 (47.0mg, 16%) as a brown solid.

1H NMR (400 MHz, CDCl3, T = 293.15 K, δ): δ 9.94
(s, 1H,), 7.42 (s, 1H), 7.34 (s, 1H), 7.13 (m, 1H), 5.93
(s, 1H), 1.25 (s, 12H).

13C NMR (100 MHz, CDCl3, T = 293.15 K, δ): 195.30,
164.89, 143.41, 133.40, 129.76, 121.74, 119.27, 85.13,
77.48, 24.96.

HR-MS (ESI+, CH3CN): [M + H]+: C13H18BO4
+,

calculated m/z 249,1293, found m/z 249.1288.
IR (KBr): ν = 3364.9, 2996.3, 2974.8, 2929.9, 2876.8,

1689.0, 1618.8, 1592.8, 1493.5, 1479.6, 1443.4, 1380.6,
1370.2, 1304.0, 1278.2, 1233.0, 1000.0, 993.03, 960.8,
926.1, 944.6, 894.7, 875.0, 862.7, 803.9, 777.1, 745.5, 698.5,
680.7 cm�1.

SCHEME 1 Synthesis route to 3 according to Martinez et al.44

(i) p-TsOH, conc. HCl, toluene, 140�C, 5 days; (ii) Et2O, toluene, Li,

0�C, 24 h à DMF, �78�C, 2 h à RT., 15 h.

2.4.11 | 6,10-Dihydroxy-6H-benzo[c]
chromene-1-carbaldehyde
(20) 10-hydroxychromeno[5,4,3-cde]chromen-5
(10H)-one (21)

In a flame-dried Schlenk tube under argon, 17 (23.0 mg,
121 μmol, 1.00 equiv.), KOAc (66.9 mg, 484 mmol, 4.00

equiv.), 18 (30.0 mg, 121 μmol, 1.00 equiv.), and Pd
(dppf)2Cl2, (885 μg, 1.21 μmol, 0.01 equiv.) were dis-
solved in DMSO (1 ml). The reaction was stirred at 70�C
for 24 h. After cooling to RT., EtOAc (10 ml) and water
(10 ml) were added and the aqueous layer was extracted
with EtOAc (2�20 ml). The combined organic layers were
washed with a saturated aqueous solution of NaCl (5 ml)
and dried over MgSO4. Volatiles were removed in vacuo.
The crude product was purified by flash column chroma-
tography (silica, pentane:EtOAc; 5:1 to 3:1, Rf = 0.312) to
give 20 and 21 (85.0 μg, 0.3%) as a brown oil.

HR-MS (ESI+, EtOAc): 20 [M + H]+: C14H11O4
+, cal-

culated m/z 243.0652, found m/z 243.0646. 21 [M + H]+:
calculated m/z 241.0495, found m/z 241.049.

3 | RESULTS AND DISCUSSION

The sterically demanding binaphthyl hydroxy aldehyde
3 was prepared according to Martinez et al.,44 to investi-
gate the stereodynamics and the possibility to form the
intramolecular hemiacetal. Starting from commercially
available BINOL 1, 3 could be obtained in 51% yield via a
ring-closed intermediate product 2 by introducing an
aldehyde function using dimethylformamide activated by
lithium (cf. Scheme 1).

1H-NMR analysis performed in deuterated chloro-
form (CDCl3) showed that the binaphthyl structure
3 occurred exclusively in the open aldehyde form
(cf. Figure 3), which can be explained by the steric hin-
drance of the naphthyl moieties, leading to the formation
of atropisomers, which can be separated into their enan-
tiomers by chiral HPLC using the CSP CHIRALPAK IC
(n-hexane:isopropanol; 90:10) (cf. Figure 4).

Due to good availability and easy access to boronic
acid derivatives and various halides, the biaryl hydroxy
aldehyde derivatives 7, 8, 11, 12, 14, and 16 were synthe-
sized via Pd-catalyzed Suzuki C-C coupling reaction.
After optimization of the reaction conditions, compounds
7 and 8 were obtained by Suzuki couplings between
1-Bromo-2-naphthaldehyde 6 and the corresponding
commercially available boronic acids (cf. Scheme 2).

554 HEITSCH ET AL.

 1520636x, 2023, 9, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/chir.23560, W

iley O
nline L

ibrary on [22/03/2024]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



Halogen aldehyde 6 was prepared from α-tetralone in a
two-step synthesis.45,46

The structural difference between the two structures
7 and 8 is the additional chlorine group in the 2-position

of the phenol moiety. Similar to binaphthyl derivative 3,
we observe for compound 7 only the ring-opened atropi-
somers, which is evident from the absence of the
hemiacetal-signals in the 1H-NMR spectrum
(cf. Figure 3) and the separation of the atropisomers by
chiral HPLC (cf. Figure 4). This agrees very well with the
high stereointegrity observed for ortho-substituted
chloro-biphenyl compounds.35 In contrast to this, the
nonsubstituted compound 8 exists only as intramolecu-
larly ring-closed hemiacetal when dissolved in CDCl3
(cf. Figure 3). To obtain the heterocyclic
2-phenylpyridine and 3-phenylpyridine hydroxy alde-
hydes 11–14, commercially available chloro-pyridyl car-
baldehydes 9 and 10 were coupled with corresponding
boronic acids (Scheme 3). Surprisingly, 3-chloropicolin-
aldehyde 9 could not be coupled with the trifluoromethyl
substituted boronic acid to phenyl-pyridyl 13.

FIGURE 4 Chromatograms of the chiral HPLC separations at

room temperature (except for compound 12): 3 CHIRALPAK IC (n-

hexane:isopropanol; 90:10), 7 and 8 CHIRALPAK IC (n-hexane:

isopropanol; 80:20), 11 CHIRALPAK IA (n-hexane:isopropanol; 75:25),

12 CHIRALPAK IA (n-hexane:isopropanol; 80:20; 0�C), 14 CHIRALPAK

IA (n-hexane:isopropanol; 95:5), 16 CHIRALPAK IA (n-hexane:

isopropanol; 80:20), 20 and 21 CHIRALPAK IE (n-hexane:isopropanol;

85:15).

FIGURE 3 1H-NMR measurements in CDCl3 at room

temperature. XH: Only the hemiacetal is present, XA: Only the

aldehyde is present.
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All obtained 2-phenylpyridines 11 and 14, and the
3-phenylpyridine 12 formed the corresponding hemiace-
tal according to 1H-NMR analysis in CDCl3. The less
sterically demanding phenylpyridines and the electron-
deficient heterocycle seem to favor and stabilze the
hemiacetal form.

The core structure of the biaryl aldehyde-alcohols 16,
which was obtained in a Suzuki reaction of
2-bromophenol and 2-formylphenyl)boronic acid
(cf. Scheme 4), was expected to favor the ring closure to
form an intramolecular hemiacetal. In comparison, we

have observed the hemiacetal formation already in
structure 8 (vide supra), whereas with the binaphthyl
system, 3 no hemiacetals are formed. Indeed, the
1H-NMR spectrum in CDCl3 shows mainly the presence
of the hemiacetal structure (cf. Figure 3). Although a sec-
ond species, which is the corresponding lactone, formed
by autooxidation, was identified by MS analysis. Due to
this unavoidable side reaction, unambiguous assignment
of the NMR signals is not possible.

In the next step, we considered the synthesis of
double functionalized biaryl aldehyde-alcohols to study
the formation and properties of double ring-closed
structures.

Compound 17 was synthesized following Botelho
et al.47 A boronic acid pinacol ester was introduced
obtaining 18,48 which was then coupled with 17 in a
Suzuki Miyaura reaction to obtain 1924 (cf. Scheme 5).
However, 19 could not be isolated, due to its very sensi-
tive nature and the fact that it exists only in equilibrium
with the mono-hemiacetal 20 and reacts to the partially
oxidized hemiacetal-lactone 21, identified by HPLC

SCHEME 2 Synthesis route to 7 and 8.
(i) PBr3, DMF, DCM, 0�C, 1 h à 90�C, 1 h44;

(ii) DMSO, Se, 180�C, 25 min; (iii) (2-chloro-

6-hydroxyphenyl)boronic acid, Na2CO3, Pd

(PPh3)4, DME/H2O, 80�C reflux, 24 h;

(iv) (2-hydroxyphenyl)boronic acid, Na2CO3, Pd

(PPh3)2Cl2,THF/MeOH/H2O, 70�C reflux,

24 h.46

SCHEME 3 Synthesis to 11, 12, and 14.
(i) Na2CO3, (2-hydroxyphenyl)boronic acid, Pd

(PPh3)4, DME, EtOH, 80�C, 24 h.

SCHEME 4 Synthesis of 16. (i) Na2CO3, (2-formylphenyl)

boronic acid, Pd (PPh3)2Cl2, THF, MeOH, 70�C, 24 h.
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measurements. Consequently, while investigating these
compounds by chiral HPLC, not only the hemiacetal
interconversion of 20 but also the interconversion of the
hemiacetal-lactone 21 could be observed in a single
chromatographic run.

3.1 | Solvent dependent NMR
experiments

All NMR measurements performed in CDCl3 gave
exclusively hints to the favored formation of the hemi-
acetal (H) or the opened form as aldehyde-alcohol
(A) 3A, 7A, 8H, 11H, 12H, 14H, and 16H (cf. Figure 3).
Because ring closure and opening can be highly solvent
dependent, for example, because of acidity or solubility,
we screened compounds 3, 4, 7, 8, 11, 14, and 16 in five
deuterated solvents (Table 1). Characteristic NMR
signals of the aldehydeA or the hemiacetalH were used
to determine potential ratios between open and closed
form. The NMR measurements were performed after
dissolving the compounds and repeated twice at inter-
vals of several days. Surprisingly, these compounds
were very stable in their favored form and independent
of the solvent.

3.2 | Enantioselective dynamic HPLC
(DHPLC) analysis

All the investigated structures here are chiral. In the
ring-opened form, these compounds exist as tropos
isomers or atropisomers and upon intramolecular ring

closure as hemiacetals. The hemiacetals form enantio-
mers or in case of the double aldehyde-alcohols enantio-
mers and the meso isomer. The opened aldehydes 3A and
7A are axially chiral and can be separated into the
enantiomers by chiral HPLC.

The separation of the hemiacetals 8H, 11H, 12H, 14H,
16H, 20H, and 21H into the enantiomers was achieved by
HPLC using immobilized chiral stationary polysaccharide

SCHEME 5 Synthesis of

compounds 19, 20, and 21. (i) B2pin2,

KOAc, Pd (dppf)2Cl2 DMSO, 80�C, 23 h,

(ii) K2CO3, 17, Pd (dppf)2Cl2, DMSO,

70�C, 24 h.

TABLE 1 Summarized results of the solvent dependent NMR

measurements.

Solvent/substance 3 7 8 11 12 14 16

Acetone-d6 A A H H H H H

DMSO-d6 A A H H H H H

THF-d8 A A H H H H H

DCM-d2 A A H H H H H

Toluene-d8 A A H H H H H

Note: Substance only present in aldehyde form (A) or hemiacetal form (H).

FIGURE 5 Selected chromatograms obtained by

enantioselective DHPLC of 11 at temperatures between 0 and 35�C.
CHIRALPAK IA (n-hexane:isopropanol; 90:10).
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phases49 and identified by MS detection (cf. Figure 4).
The 2-phenylpyridine derivatives, compounds 11H and
14H as well as compounds 20H and 21H, showed signifi-
cant (11H and 14H) and slight (20H and 21H) plateau

formation at room temperature due to the interconver-
sion of the hemiacetal enantiomers (cf. Figure 4). There-
fore, we performed temperature dependent
enantioselective DHPLC measurements to determine the

FIGURE 6 Eyring-plot of compound 11 obtained by

enantioselective DHPLC to determine the activation parameters of

enantiomerization. The error band represents the level of

confidence of 95% of the linear regression. For the linear regression,

three measurements at each temperature were considered.

FIGURE 7 Selected chromatograms obtained by

enantioselective DHPLC of 14 at temperatures between 4 and 40�C.
Chiralpak IA (n-hexane:isopropanol; 90:10).

FIGURE 8 Eyring-plot of compound 14 obtained by

enantioselective DHPLC to determine the activation parameters of

enantiomerization. The error band represents the level of

confidence of 95% of the linear regression. For the linear regression,

three measurements at each temperature were considered.

FIGURE 9 Selected chromatograms obtained by

enantioselective DHPLC of (A) 20, and (B) 21 at temperatures

between 4 and 40�C. CHIRALPAK IE (n-hexane:isopropanol; 85:15).
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enantiomerization barriers ΔGǂ and the activation
parameters ΔHǂ and ΔSǂ by Eyring-plot analysis. The
enantiomerization rate constants k1 were determined by
analysis of the chromatographic peak profiles using the
unified equation of dynamic chromatography50 imple-
mented in the software DCXplorer.51 For the two
2-phenylpyridine derivatives 11H (Figures 5 and 6), we
determined the activation barrier to be
ΔGǂ = 86.4 kJ�mol�1 and the activation parameters
ΔHǂ = 47.2 ± 3 kJ�mol�1 and ΔSǂ = �132 ± 22 J�
(K�mol)�1 between 0 and 35�C, and for 14H (Figures 7
and 8) ΔGǂ = 85.0 kJ�mol�1, ΔHǂ = 33.2 ± 3 kJ�mol�1

and ΔSǂ = �174 ± 96 J�(K�mol)�1 between 4 and 40�C.
The most pronounced plateau formation caused by

rapid enantiomerization was observed for compound 12H

already at a temperature as low as 0�C. The enantiomeri-
zation rate constant was determined to be
k1 = 4.9�10�3 s�1 and the enantiomerization barrier

ΔGǂ = 78.8 kJ�mol�1. Measurements at elevated temper-
atures led to complete peak coalescence.52 This repre-
sents a significant decrease of 4.3 kJ�mol�1 compared to
the enantiomerization barrier of compound 11H at 0�C.
Structurally, the difference is due to the position of the N
atom in the pyridine ring. In ortho-position, a destabiliza-
tion of the hemiacetal is observable.

For compounds 20H and 21H, the enantiomerization
barriers ΔGǂ and the activation parameters ΔHǂ and ΔSǂ

were determined by enantioselective DHPLC measure-
ments. For lactone 21H, we obtained the following
parameters: ΔGǂ = 89.8 kJ�mol, ΔHǂ = 35.3 ± 0.6 kJ�mol,
and ΔSǂ = �183 ± 38 J�(K�mol)�1. The enantiomeriza-
tion barrier is slightly higher for hemiacetal 20H:
ΔGǂ = 91.2 kJ�mol�1, ΔHǂ = 27.8 ± 1.2 kJ�mol�1, and
ΔSǂ = �213 ± 40 J�(K�mol)�1 (cf. Figures 9 and 10).
These two compounds were measured simultaneously
from the same sample, which demonstrates the
advantage of DHPLC not requiring a purification of the
samples and isolation of the single compounds.

All other separated enantiomers were also screened
in temperature-dependent experiments; however, no
plateau formation could be observed in measurements of
up to 80�C.

4 | CONCLUSION

Here, we presented easily accessible synthetic routes via
largely commercially available starting materials to biaryl
aldehyde-alcohols forming hemiacetals by intramolecular
ring closure (8, 11, 12, 14, 16, 20, and 21), which can be
considered as homologs of coumarin. Compounds 332

and 7 form atropisomers and are unable to undergo ring
closure because of steric hindrance. The enantiomeriza-
tion of these atropisomers was not observed, even for
temperatures of up to 60�C. The biaryl aldehyde-alcohols
8, 11, 12, 14, 16, 20, and 21 prefer the hemiacetal form.
For compounds 11, 14, 20, and 21, the enantiomerization
barriers of the hemiacetal interconversion were
determined by temperature dependent enantioselective
DHPLC experiments. The interconversion barriers are
in excellent agreement with the interconversion
barriers and barriers of formation of the transient
hemiacetal catalysts formed in Soai's asymmetric
autocatalysis.23
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FIGURE 10 Eyring-plot of compounds (A) 20 and (B) 21
obtained by enantioselective DHPLC to determine the activation

parameters of enantiomerization. The error band represents the

level of confidence of 95% of the linear regression. For the linear

regression, three measurements at each temperature were

considered.
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