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The origin of biological homochirality, leading to overwhelm-
ing enantioenrichment, such as that seen in l-amino acids and
d-sugars, is a significant topic of interest.[1] Chiral surfaces[2] of
natural minerals have been considered as a possible source of
chirality.[3] Although the potential for differential adsorption
of organic compounds on chiral surfaces has been mentio-
ned,[3c] apparent chiral selection has rarely been reported.[4]

Previously, we found asymmetric autocatalysis by a 5-
pyrimidyl alkanol in the addition reaction of diisopropylzinc
(iPr2Zn) to pyrimidine-5-carbaldehyde.[5–8] In this reaction,
chiral inorganic crystals such as quartz[9a] and NaClO3

[9b] can
act as the origin of chirality[10] to afford a highly enantioen-
riched product in combination with asymmetric autocatalytic
amplification of enantiomeric excess.

Naturally occurring cinnabar, mercury(II) sulfide (a-
HgS), is a known chiral mineral (Figure 1a,b).[11] Enantio-
morphous (P)- and (M)-crystals of cinnabar[12, 13] belong to the
chiral space groups P3121 and P3221, respectively, and is
constructed with -S-Hg-S-Hg- spiral chains. The screw axes
are parallel to the c axis of the hexagonal crystal. Cinnabar
has been used as a red pigment for official seal stamps in
Japan and China for centuries, and as a Chinese medicine.[14]

It has also been used as a red pigment in the Western world. A
large amount of cinnabar has been found in ancient tombs
because of its antiseptic properties.

The study of the highly enantioselective synthesis of
organic compounds, utilizing cinnabar as the origin of

chirality, is challenging. Herein, we report that the enantio-
selective addition of iPr2Zn to pyrimidine-5-carbaldehyde 1 in
the presence of cinnabar gave almost enantiopure 5-pyrimidyl
alkanol 2 in conjunction with asymmetric autocatalysis (Fig-
ure 1c). The absolute configurations of organic compounds
with high ee were efficiently controlled by the chirality of
inorganic cinnabar. Furthermore, mechanistic insight into the
asymmetric induction on the chiral (10–10) surface of a-HgS,
gained through atomic force microscopy (AFM) results, is
discussed.

We performed an asymmetric autocatalysis initiated by
cinnabar. Most of the crystals of known helicity[15] were
ground into a fine powder (Figure 1b) and used as a hetero-
geneous chiral initiator in asymmetric autocatalysis (Table 1;
see also Supporting Information, Table S2). When pyrimi-
dine-5-carbaldehyde 1 was treated with iPr2Zn in the presence
of cinnabar A, which has right-handed P helicity, (R)-
pyrimidyl alkanol 2 was obtained in 88% ee and 87 % yield
(Table 1, entry 1). In contrast, in the presence of the (M)-HgS

Figure 1. a) Cinnabar. b) Finely powdered cinnabar (particle size, 1–
15 mm). c) Asymmetric autocatalysis triggered by (P)-HgS and (M)-
HgS.
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C, the opposite enantiomer of (S)-2 was isolated in 91 % yield
and 92 % ee (entry 2). In entry 3, another specimen of (P)-
HgS E was reacted. The correlation between the P helicity
and the R configuration of 2 was reproducible (entry 3).
When cinnabars F–K were utilized as the chiral sources, (M)-
HgS species F, H, and J induced the formation of (S)-alkanol
2 (entries 4, 6, and 8), whereas (P)-cinnabars G, I, and K acted
as chiral triggers for production of (R)-2 (entries 5, 7, and 9).
It should be noted that nearly enantiopure (S)-2 and (R)-2
(> 99.5% ee) were obtained by applying consecutive asym-
metric autocatalysis (entries 8 and 9).[5b] Stereochemical
correlations between specimens A–K and alkanol 2 were
completely reproducible (Table S2).

These results show that the chiral cinnabar controls the
absolute configuration of the resulting alkanol 2. Therefore,
adsorption structures[16] of related compounds were studied
using AFM to address the chiral effect on the surface of
cinnabar. Because cinnabar shows perfect cleavage on
prismatic {10–10} surfaces parallel to the c axis,[17] the sides
of the helices are mostly exposed to the solution for
asymmetric autocatalysis. Thus, the crystal was cleaved into
thin plates along the (10–10) direction to be used in
adsorption experiments.

The AFM image (Fourier-transform filtered) of a cleaved
bare (10–10) surface of (P)-HgS is shown in Figure 2a. The
rectangular unit cell corresponds to the 950 � 415 pm unit cell
in the X-ray-structure-based surface model (Figure 2b). The
S atoms at the highest level produce the AFM spot pattern,
and the additional bright spots within the unit cells may
correspond to the S atoms at the second-highest level. The
image in Figure 2 c was observed after the (10–10) surface of
(P)-HgS was soaked in a solution of aldehyde 1. The spacing
of the surface unit cell indicates that one molecule 1 occupies
two unit cells. The AFM image shown in Figure 2d was
observed after the adsorption of (R)-2 at (P)-HgS. The
periodicity of the spot pattern in the direction of the c axis is
nearly the same as the HgS unit cell. Because molecule 2,
which has bulky tert-butyl and isopropyl groups on both ends,
is large (ca. 1200 pm) compared with the size of the HgS unit
cell, not every unit cell accommodates a molecule 2. However,
the proximity of the bright spots, most probably from the
bulky groups, along the a2 axis suggests attraction between the

adsorbed molecules. It should be noted that similar AFM
images were observed using (S)-2 and (M)-HgS.

The well-resolved regular spot pattern in AFM images
shown in Figure 2 c,d indicates rigid bidentate adsorption,[18]

which is possible using a N atom of the pyrimidine ring and an
O atom of the formyl group for 1, or the hydroxyl group for 2,
as anchor sites. The adsorption site with a Hg–Hg distance of
664 pm in Figure 2b is a good candidate for bidentate
adsorption of both 1 and 2. The proposed simple models of
the adsorption geometries of 1 and (R)-2 at (P)-HgS are
shown in Figure 2 e.

The AFM images in Figure 3 a,b were observed after
prolonged (> 12 h) soaking of (P)- and (M)-HgS with (R)-2
and (S)-2, respectively. Kite-shaped tetragonal islands with
a width of ca. 200 nm and heights of 20–70 nm were formed.
Because the tetragons have the same shape and orientation
and were soluble in the pure solvent, microcrystal formation
was assumed. However, microcrystals did not appear in
experiments with the diastereomeric pairs (R)-2/(M)-HgS
and (S)-2/(P)-HgS (Figure S3). Thus, the molecular chirality
of alkanol 2 was recognized on the chiral surface of HgS in the
formation of three-dimensional structures. Figure 3c shows
the X-ray single-crystal structure of (S)-2 (orthorhombic
P212121, a’= 599.99 pm, b’= 829.46 pm, c’= 2726.96 pm, Z =

4).[19] The molecules are combined in the a’-c’ plane, mainly by
hydrogen bonds. Hydrophobic interactions connect the
molecules along the c’ direction.

Table 1: Asymmetric autocatalysis triggered by cinnabar.

Entry[a] Cinnabar Pyrimidyl alkanol 2
Specimen Helicity Yield [%] ee [%] Configuration

1 A P 87 88 R
2 C M 91 92 S
3 E P 77 86 R
4 F M 88 88 S
5 G P 87 92 R
6 H M 90 87 S
7 I P 89 87 R
8[b] J M 94 >99.5 S
9[b] K P 94 >99.5 R

[a] Unless otherwise noted, the molar ratio of a-HgS/1/iPr2Zn was
0.09:0.53:1.18. Aldehyde 1 and iPr2Zn were added in three separate
portions (see the Supporting Information). [b] An additional consecutive
asymmetric autocatalysis was applied.[5b]

Figure 2. a) AFM images of the (10–10) surface of bare (P)-HgS
(3.5 nm sq.). b) Model of the (10–10) surface of (P)-HgS. c) Aldehyde
1 adsorbed at the (P)-HgS (5.0 nm sq.). d) (R)-2 adsorbed at (P)-HgS
(3.4 nm sq.). e) Proposed adsorption geometries of 1 and (R)-2 at (P)-
HgS. S atoms of the highest level (red circles), S atoms of the second-
highest level (blue circles), surface unit cell (green rectangles).
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A possible mechanism for the selective formation of
a microcrystal is as follows: when molecules of 2 with the
chosen configuration adsorb at the surface with a regular
spacing of two unit-cell widths, as can be seen in the case of
aldehyde 1 using the atoms indicated by green circles
(Figure 3c) as anchor sites, new binding sites are created
between the two molecules only for the alkanols 2 with the
same configuration. Then, the adsorption of the upper
molecules gives a chiral three-dimensional structure, and
further adsorption onto the upper layers induces microcrystal
formation. Because inappropriate combinations would lead
to two-dimensional adsorption in a different direction,
formation of a chiral three-dimensional structure occurs
only when the combinations of chirality between HgS and
alkanol 2 are appropriate.

Although we assumed enantioselective adsorption of the
initially formed near-racemic asymmetric autocatalyst for
chiral selection, (P)-HgS induced the formation of (R)-2 and
the same R isomer also formed the microcrystal on (P)-HgS
and vice versa. As the reactive species is a diisopropylzinc
alkoxide of alkanol 2, it is difficult to consider that the
microcrystal formation of alkanol 2 directly affects the
enantioselection step. Therefore, it is conceivable that
a chiral effect, such as the formation of a three-dimensional
structure of a diisopropylzinc alkoxide of alkanol 2, would
occur in a similar manner to induce the imbalance of
enantiomers, which can be amplified by asymmetric autoca-
talysis. Moreover, enantiofacially selective adsorption (acti-
vation) of prochiral aldehyde 1 on the chiral surface of
cinnabar is also good candidate for the mechanism of
asymmetric induction.

In conclusion, highly enantioselective addition of iPr2Zn
to pyrimidine-5-carbaldehyde 1 was achieved to afford

a highly enantioenriched organic compound by utilizing
naturally occurring enantiomorphous cinnabar. Moreover,
adsorption structures of aldehyde 1 and alkanol 2 were
observed using AFM in contact mode. For the first time,
a chiral effect in the formation of microcrystals of 2 was found
on the surface of chiral cinnabar.
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