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Achiral meteoritic amino acids, glycine and a-methylalanine,

with hydrogen isotope (D/H) chirality, acted as the source of

chirality in asymmetric autocatalysis with amplification of ee to

afford highly enantioenriched 5-pyrimidyl alkanols.

One of the most fascinating subjects about the prebiotic world is

the origin of homochirality, as in L-amino acids and D-sugars.1

According to the theory of the extraterrestrial origin of biological

homochirality, the amino acids in meteorites have been considered

to play an important role in molecular evolution2 because a

variety of prebiotic organic molecules, especially L-enriched

amino acids with only slight enantiomeric excess (ee), have been

identified.3 Their stable-isotope enrichment (2H, 13C and 15N)

supports an extraterrestrial origin for these chiral amino acids.4

On the other hand, meteorites also include achiral amino acids

such as glycine and a-methylalanine that have also been identified

as isotopically enriched relative to terrestrial compounds.4c The

dD value of Vienna standard mean ocean water of meteoritic

glycine and a-methylalanine appeared to be 399% and 3097%, in

contrast to the terrestrial biogenic compounds, which range from

350% to 50%. Although glycine and a-methylalanine composed

of 1H are achiral, this is not the case of meteoritic compounds

because their hydrogen isotope ratio is high and should include

the isotopically chiral components. Deuteration of the methylene

group of glycine and one methyl group of a-methylalanine

produces the hydrogen isotopically chiral compounds glycine-a-d
1 and a-methyl-d3-alanine 2 (Fig. 1).

To the best of our knowledge, there are no reports on the

analysis of isotopic chirality of achiral meteoritic amino acids.

Analysis of the isotopic chirality in meteoritic achiral molecules

is an important subject to help understand the possible role of

these compounds as the origin of chirality. In addition, it may

expand research on the pathway by which chirality and

isotope enrichment are produced in the meteoritic compounds

in the universe.

Although there are a few reports on asymmetric

reactions,1g,5 and separation6 induced by hydrogen isotope

chirality, unlike usual chiral compounds the recognition of the

enantiomers solely as a result of isotope labeling still remains

difficult. Thus, the development of a highly sensitive method

for the detection of isotopic chirality in meteoritic organic

compounds, especially amino acids, which are identified in

carbonaceous chondrites4c with an achiral framework and

isotopic enrichment, is a challenging subject.

We and others have extensively studied asymmetric auto-

catalysis with amplification of ee.7–11 We have also reported

that the external chiral initiator,12 such as chiral natural amino

acids,12e in the reaction of pyrimidine-5-carbaldehyde and

diisopropylzinc (i-Pr2Zn) controls the absolute configuration

of the produced 5-pyrimidyl alkanols and that the ee of the

produced pyrimidyl alkanols is high, in conjunction with

asymmetric autocatalysis. Chiral deuterated primary alcohols

and carbon isotopically chiral compounds can work as chiral

triggers of this autocatalytic amplification of ee.13

We report here that the isotopically chiral glycine-a-d (1)14

and a-methyl-d3-alanine (2)15 induce the enantioselective

addition of i-Pr2Zn to pyrimidine-5-carbaldehyde 3 to afford,

in combination with asymmetric autocatalysis, pyrimidyl

alkanol 4 with significantly high ee. The absolute configuration

of the corresponding alkanol 4 was controlled efficiently by the

chirality resulting from hydrogen isotope substitution of 1 and 2

(Scheme 1). Hydrogen isotope enantiomers of compounds 1 and

2 were synthesized by a previously reported method14,15 and the

ee was determined from the 1HNMR spectrum of the camphanyl

amide of 1 and the a-methoxy-a-(trifluoromethyl)phenyl-

acetamide (MTPA amide) of 2 by the diastereomer method.

The results of asymmetric autocatalysis triggered by

isotopically chiral amino acids are summarized in Table 1.

When the i-Pr2Zn addition was performed in the presence of

the (S)-glycine-a-d (1) with an ee of 93%, the (S)-5-pyrimidyl

alkanol 4 was obtained in a 94% yield with an ee of 96%

Fig. 1 Generation of chirality by the deuterium substitution of

enantiotopic hydrogen in glycine and a-methylalanine.
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(Table 1, series I, entry 1). The results were reproducible.

Thus, (S)-4 with an ee of 95% was obtained in the presence of

(S)-1 (entry 2). The asymmetric autocatalysis using (S)-1 with

94% ee prepared in a different batch supported the reprodu-

cibility; that is, (S)-1 induces the formation of (S)-4 with high

ee (entries 3, 4). On the other hand, in the presence of the (R)-1

instead of the (S)-1 enantiomer, the reaction between aldehyde

3 and i-Pr2Zn always gave (R)-4 with an ee of 91–93% in a

yield of 90–94% (entries 5–8). These results clearly exhibit the

correlation between the chirality of the glycine-a-d (1) and the

absolute configuration of the resulting alkanol 4.

Next, we examined the highly enantioselective addition

of i-Pr2Zn to pyrimidine-5-carbaldehyde 3 using the (R)- and

(S)-a-methyl-d3-alanine (2). In the presence of (R)-a-methyl-

d3-alanine (2), (S)-5-pyrimidyl alkanol 4 was induced, and was

obtained with an ee of 96–99% (series II, entries 9–12). On the

other hand, in the presence of (S)-2, the reaction between

aldehyde 3 and i-Pr2Zn always gave (R)-alkanol 4 with an ee of

Scheme 1 Isotopically chiral amino acid induced asymmetric autocatalysis of 5-pyrimidyl alkanol 4 in the addition of i-Pr2Zn to aldehyde 3.

Table 1 The enantioselectivity and stereochemical correlation between the hydrogen isotope chirality of achiral amino acids, i.e., glycine 1 and
a-methylalanine 2, and absolute configuration of the subsequent pyrimidyl alkanol 4

Pyrimidyl alkanol 4

Entry Amino acida (% ee) Yieldb (%) eec (%) Config.

Series I (glycine-a-d 1)d

1 (S)-1 (93) 94 96 S
2 (S)-1 (93) 98 95 S
3 (S)-1 (94) 94 94 S
4 (S)-1 (94) 95 93 S
5 (R)-1 (96) 94 93 R
6 (R)-1 (96) 94 91 R
7 (R)-1 (92) 90 91 R
8 (R)-1 (92) 93 92 R
Series II (a-methyl-d3-alanine 2)e

9f (R)-2 (81) 95 99 S
10f (R)-2 (81) 97 98 S
11 (R)-2 (81) 94 96 S
12 (R)-2 (81) 92 97 S
13f (S)-2 (69) 99 98 R
14f (S)-2 (69) 93 99 R
15 (S)-2 (69) 84 97 R
16 (S)-2 (69) 93 96 R

a The ee of 1 and 2 were determined from the 1HNMR spectrum of the camphanyl amide of 1 and the MTPA amide of 2. b Isolated yield. c The ee was

determined using HPLC employing a chiral stationary phase. d The molar ratio was 1/3/i-Pr2Zn = 0.05/1.05/2.2. The aldehyde 3 and i-Pr2Zn were

added in three separate portions. Experimental details are as follows (entry 1): i-Pr2Zn (0.15 mL of 1Mmethylcyclohexane (MCH) solution, 0.15 mmol)

was added to (S)-1 (3.8 mg, 0.05 mmol) and the mixture was stirred for 12 h at room temperature. After the addition of i-Pr2Zn (0.5 mL of 1 MMCH

solution, 0.5 mmol,) at 0 1C, a MCH (2.0 mL) solution of 3 (9.4 mg, 0.05 mmol) was added over a period of 1 h and the mixture was stirred for 6 h

at 0 1C. After toluene (3.2 mL) and i-Pr2Zn (0.4 mL of 1 M toluene solution, 0.4 mmol) were added, the reaction mixture was stirred for 10 min. Then, a

toluene (1.5 mL) solution of 3 (37.6 mg, 0.2 mmol) was added over a period of 1 h at 0 1C, and the mixture was stirred for 2 h. Moreover, after toluene

(14.4 mL) and i-Pr2Zn (1.6 mL of 1 M toluene solution) were added and the mixture was stirred for 10 min, a toluene (4.0 mL) solution of 3 (150.6 mg,

0.8 mmol) was added over a period of 1 h. After stirring for 1 h, the reaction was quenched with 1 M aqueous hydrochloric acid (5 mL) at 0 1C. After

neutralization with saturated aqueous sodium hydrogen carbonate (15 mL), the mixture was filtered through Celite, and the filtrate was extracted with

ethyl acetate. The combined organic fractions were dried over anhydrous sodium sulfate and evaporated in vacuo. Purification of the residue using silica

gel thin layer chromatography (hexane–ethyl acetate = 2/1, v/v) gave (S)-4 (229 mg, 0.9849 mmol, 96% ee) in 94% yield. e The molar ratio was

2/3/i-Pr2Zn = 0.075/0.625/1.35. The aldehyde 3 and i-Pr2Zn were added in four separate portions. f Each pair of reactions (9/13 and 10/14) was

performed using the same apparatus to exclude any effect other than that of isotopically chiral amino acid 2.
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96–99% in a yield of 84–99% (entries 13–16). To exclude any

effect other than that of the a-methyl-d3-alanine (2), both

reactions (entries 9, 13 and 10, 14) induced by (R)- and (S)-2

were performed using the same apparatus to give the (S)- and

(R)-alkanols 4, respectively.

The chirality of these enantiomers is mainly due to the very

small difference between the lengths of the C–D and C–H

bonds.16 The high ee observed in the above asymmetric reactions

may be explained as follows. In the initial step of the reaction,

the isotopically chiral amino acid (or its zinc salt) induces a slight

enantiomeric imbalance in the addition of i-Pr2Zn to 3. The

resulting isopropylzinc alkoxide of 4 has a small ee, which

possesses the absolute configuration corresponding to that of

the isotopically chiral amino acid. Then, the ee is enhanced

during the subsequent asymmetric autocatalysis followed by

hydrolysis, which affords alkanol 4 with high ee.13

In conclusion, the enantioselective addition of i-Pr2Zn to

pyrimidine-5-carbaldehyde 3 was achieved by utilizing the

hydrogen isotopic chirality of achiral amino acids, that is,

glycine-a-d (1) and a-methyl-d3-alanine (2). The observed ee of

the produced pyrimidyl alkanol 4 was amplified up to 99% ee

in conjunction with asymmetric autocatalysis. This is the

first example of a highly enantioselective reaction induced by

the chirality resulting from deuterium substitution of amino

acids, which are detected in meteorites as achiral isotopically

enriched molecules. We believe that the asymmetric autocatalysis

significantly increases the value of the implications of isotope

substitution in achiral meteoritic amino acids in the study of the

origin and prebiotic evolution of biological homochirality.
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(c) A. Córdova, M. Engqvist, I. Ibrahem, J. Casas and H. Sundén,
Chem. Commun., 2005, 2047–2049.

3 (a) K. Kvenvolden, Nature, 1970, 228, 923–926; (b) J. R. Cronin
and S. Pizzarello, Science, 1997, 275, 951–955; (c) M. H. Engel and
B. Nagy, Nature, 1982, 296, 837–840; (d) D. O. Glavin and
J. P. Dworkin, Proc. Natl. Acad. Sci. U. S. A., 2009, 106,
5487–5492.

4 (a) S. Epstein, R. V. Krishnamurthy, J. R. Cronin, S. Pizzarello
and G. U. Yuen, Nature, 1987, 326, 477–479; (b) M. H. Engel and
S. A. Macko, Nature, 1997, 389, 265–268; (c) S. Pizzarello and
Y. Huang, Geochim. Cosmochim. Acta, 2005, 69, 599–605.

5 (a) H. Pracejus, Tetrahedron Lett., 1966, 7, 3809–3813;
(b) A. Horeau, A. Nouaille and K. Mislow, J. Am. Chem. Soc.,
1965, 87, 4957–4958.

6 (a) K. Kimata, M. Kobayashi, K. Hosoya, T. Araki and
N. Tanaka, J. Am. Chem. Soc., 1996, 118, 759–762;
(b) W. H. Pirkle and K. Z. Gan, Tetrahedron: Asymmetry, 1997,

8, 811–814; (c) R. N. Harris III, P. Sundararaman and C. Djerassi,
J. Am. Chem. Soc., 1983, 105, 2408–2413.

7 K. Soai, T. Shibata, H. Morioka and K. Choji, Nature, 1995, 378,
767–768.

8 (a) I. Sato, H. Urabe, S. Ishiguro, T. Shibata and K. Soai, Angew.
Chem., Int. Ed., 2003, 42, 315–317; (b) T. Shibata, S. Yonekubo
and K. Soai, Angew. Chem., Int. Ed., 1999, 38, 659–661;
(c) T. Shibata, H. Morioka, T. Hayase, K. Choji and K. Soai,
J. Am. Chem. Soc., 1996, 118, 471–472; (d) F. Lutz, T. Kawasaki
and K. Soai, Tetrahedron: Asymmetry, 2006, 17, 486–490.

9 (a) J. Podlech and T. Gehring, Angew. Chem., Int. Ed., 2005, 44,
5776–5777; (b) C. Bolm, F. Bienewald and A. Seger, Angew.
Chem., Int. Ed. Engl., 1996, 35, 1657–1659; (c) M. H. Todd, Chem.
Soc. Rev., 2002, 31, 211–222; (d) M. Avalos, R. Babiano, P. Cintas,
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