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triggered by chiral aromatic alkanols and amines
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Temperature dependent inversion of enantioselectivity in asym-

metric catalysis is an interesting and somewhat unusual phenom-

enon. We have observed temperature dependent inversion of

enantioselectivity in the asymmetric autocatalysis reaction when trig-

gered by a wide scope of enantioenriched alcohols and amines. The

addition reaction of diisopropylzinc to pyrimidine-5-carbaldehyde

in the presence of enantiopure alcohols or amines affords the

pyrimidyl alkanol product at 0 °C with high ee. However, lowering

the reaction temperature to −44 °C affords the opposite

enantioselectivity.

Controlling stereochemistry is an important topic in modern
organic synthesis. While accessing either enantiomer of a
desired product typically requires access to both enantiomeric
forms of a particular chiral catalyst or reagent, the idea of
accessing either product enantiomer through a simple change
in reaction conditions is quite attractive. Although various
types of enantioselectivity modulation and reversal by change
of solvent, additives, metals, etc. have been reported,1 enantio-
selectivity reversal using only temperature control is a rather
rare phenomenon.2

We have studied the asymmetric autocatalysis of pyrimidyl
alkanol in the addition reaction of diisopropyl zinc to the pyri-
midine-5-carbaldehyde 1.3 In this reaction, the product chiral
alkanol acts as an asymmetric catalyst for its own formation,
leading to autocatalytic formation of product with the same
absolute configuration as the triggering alkanol, and with sig-
nificant amplification of enantiomeric excess (ee).3c Since this
autocatalytic amplification can be triggered by other materials
besides the alkanol product, the reaction can function as an
enantioenrichment sensor to detect various chiral environ-
ments (Scheme 1a).4,5 Hence this reaction is the sole example
of a practically perfect asymmetric autocatalytic reaction with

amplification of asymmetry. The characteristic behaviour of
this reaction has attracted much attention from diverse areas
of science6 especially in the view point of origin of chirality7

and led to a number of detailed studies of reaction mechan-
ism.8 We have previously reported an unusual selectivity inver-
sion brought about by the presence of additives in the asym-
metric autocatalysis,9 and now report the temperature induced
inversion of the enantioselectivity of the asymmetric autocata-
lysis when triggered with enantioenriched alcohols or amines
(Scheme 1b).

Asymmetric autocatalysis of the pyrimidyl alkanol system
can be utilized to detect the handedness of a variety of
chiral initiators, affording product with high ee even when the
ee of the triggering substance is low. Although a repetition
cycle of the autocatalysis reaction gives almost enantiopure
alkanol, simple one step mixing of various chiral compounds
with diisopropylzinc and pyrimidine-5-carabaldehyde immedi-
ately gives enantioenriched pyrimidyl alkanol with reasonably
high enantiomeric excess.10 As shown in Scheme 1b, in the
presence of (S)-1-phenethyl alcohol 3, the addition reaction of
diisopropyl zinc to the pyrimidine-5-carbaldehyde affords
(S)-pyrimidyl alkanol in high enantiomeric excess at 0 °C

Scheme 1 Temperature dependent selectivity inversion.
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(Table 1, entries 1 and 2). The product selectivity with this con-
dition shows good reproducibility, however, when the same
reaction is performed at −44 °C, the same (S)-1-phenethyl
alcohol 3 shows the opposite selectivity, reproducibly giving

rise to the (R)-alkanol (entries 3 and 4). Details of the relation-
ship between temperature and the enantioselectivity of the
reaction are shown in Fig. 1. A complex nonlinear relationship
between temperature and ee is observed,† but this result

Table 1 Temperature dependent inversion of enantioselectivity in asymmetric autocatalysis using various chiral initiatorsd

Entry Chiral initiator T [°C] Conv. (%)a ee (%)b Config.

1 0 >99 87 S
2 >99 86 S
3 −44 88 30 R
4 86 (91) 31 (81)c R

5 0 >99 86 S
6 >99 86 S
7 −44 64 55 R
8 72 59 R

9 0 >99 85 S
10 >99 87 S
11 −44 88 37 R
12 82 28 R

13 0 >99 88 S
14 >99 90 S
15 −44 81 54 R
16 82 37 R

17 0 >99 76 S
18 >99 75 S
19 −44 84 25 R
20 87 31 R

21 0 >99 88 S
22 >99 87 S
23 −44 81 23 R
24 81 21 R

25 0 >99 87 S
26 >99 88 S
27 −44 82 47 R
28 80 45 R

29 0 82 89 S
30 85 89 S
31 −44 60 74 R
32 58 63 R

33 0 86 77 S
34 84 72 S
35 −44 71 66 R
36 72 50 R

a Conversions were determined by GC using n-tridecane as an internal standard. b ee was determined by SFC equipped with Chiralpak IB
column. c ee after 2-times one-pot scale up at −44 °C by sequential addition i-Pr2Zn (0.4 and 1.6 mmol) and aldehyde (0.2 and 0.8 mmol).e
d Experimental detail: To a dry tube, chiral alcohol in toluene (0.1 M, 0.1 mL, 0.01 mmol) was placed and the sample tube was cooled with ice
bath (for 0 °C) or dry ice/acetonitrile bath (for −44 °C). To the tube, 1 M diisopropylzinc in toluene (0.1 mL, 0.1 mmol) was added and stirred for
10 min. Then 2-(3,3-dimethylbut-1-yn-1-yl)pyrimidine-5-carbaldehyde 1 in toluene (0.5 M, 0.1 mL, 0.05 mmol) was added at one time. The reac-
tion mixture stirred for 1 h under the reaction temperature and quenched by the addition of NH4Cl/NH4OH aq. The yield was determined by GC
using n-tridecane as an internal standard and the ee was determined by SFC after short pass of NH2-silica gel. SFC conditions: CHIRALPAK® IB
(4.6 mmϕ × 250 mm), MeOH 0.3 mL min−1, CO2 3.0 mL min−1, 254 nm, 25 °C, retention time (min): 1.9 for S, 2.1 for R. e Experimental detail for
one pot scale up: After the 1 h stirring of typical experimental procedure one pot scale up was performed by the addition of diisopropylzinc in
toluene (0.4 mL, 0.4 mmol) and the aldehyde 1 in toluene n toluene (0.5 M, 0.4 mL, 0.2 mmol) was added at one time. After another 1 h stirring
at the reaction temperature second time scale up was performed by the addition of diisopropylzinc in toluene (1.6 mL, 1.6 mmol) and the alde-
hyde 1 in toluene (0.5 M, 1.6 mL, 0.8 mmol). The reaction was quenched and analysed after 1 h stirring with the same procedure.
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clearly highlights the inversion in enantioselectivity at a temp-
erature between 0 to −44 °C, with temperature dependent
reversal of enantioselectivity also being observed with
(R)-1-phenethy alcohol triggered reaction. Although, the ee of
the obtained alkanol at −44 °C was slightly lower compared to
that of the 0 °C, the conversion was still good and the amplifi-
cation of ee occurs to give the high ee of alkanol after one-pot
further asymmetric autocatalysis with scale up even at this low
temperature (entry 4, in bracket).

Temperature dependent inversion of enantioselectivity is
also observed with reaction triggering by the other chiral sec-
ondary alcohols (Table 1). In addition to 1-phenethyl alcohol
3, 1-phenyl-1-propanol 4 also causes selectivity inversion.
Various chiral (S)-alcohols with aromatic substitution on the
1-position such as fluorophenyl 5, bromophenyl 6, methoxy-
phenyl 7, 1- and 2-naphtyl 8, 9 all induce (S)-alkanol formation
in the asymmetric autocatalysis at 0 °C. However, all these
chiral alcohols induce the formation of the opposite
(R)-alkanol product at −44 °C. It should be noted that all chiral
secondary alcohols with aryl and methyl substitution exam-
ined in the study show the same selectivity and temperature
inversion behaviour. In addition to the alcohols, amines also
induced temperature dependent inversion of selectivity. For
example, triggering with (R)-1-phenylethan-1-amine 10 gives
rise to the (S)-alkanol at 0 °C, but affords the (R)-alkanol
product at −44 °C. Similarly, triggering with (R)-1-(naphthalen-
2-yl)ethan-1-amine 11 also led to enantioselectivity inversion
between 0 °C and −44 °C. Interestingly, although the selecti-
vity trend of amines (heterochiral product produced at 0 °C)
was different from that of the alcohols 3–9 (homochiral
product produced at 0 °C) the reversal of enantioselectivity at
−44 °C was seen in all cases.

The detailed mechanism underlying this interesting temp-
erature-dependent inversion in enantioselectivity is not yet

clear. Temperature induced reversal of selectivity is sometimes
explained by a change in the sign of free energy brought about
by the entropic contributions to selectivity overwhelming the
enthalpic contributions as temperature changes.1,2 In this
asymmetric autocatalysis system, zinc alkoxide is also known
to form various oligomeric species,8 and temperature-
dependent changes in the aggregation state of the zinc alko-
xide complex, or its association with the triggering agent,
might also be involved for this selectivity inversion. While a
comprehensive explanation awaits further studies, it should be
noted that temperature dependent inversion of enantio-
selectivity is possible with this well-known enantioselective
autocatalytic system.

In conclusion, we have presented several examples of the
temperature dependent inversion of chiral initiation in an asym-
metric autocatalysis reaction. Although the mechanistic details
of this inversion are not yet clear, selectivity inversion by temp-
erature was observed with a variety of different chiral alcohols
and amines. These results offer intriguing clues for improved
mechanistic understanding of analyte triggered asymmetric
autocatalysis. Furthermore, this result provides an important
reminder that the temperature effect in asymmetric additions of
organozinc reagents is sometimes not so simple, with low temp-
erature reactions not always leading to the best results.

We thank the Grant-in-aid for Scientific Research (JSPS
KAKENHI) and the MEXT-Supported Program for the Strategic
Research Foundation at Private Universities, 2012–2016 and
the MRL Postdoctoral Research Fellows Program for a fellow-
ship (K. Z.).
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