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Abstract: A general method is presented that permits enantiomers, originally present in a low enantiomeric 
excess (%ee1), to accumulate in a high %ee (%ee2) without a chiral source present. An equation was derived 
that demonstrates the final %ee2 of any unreacted chiral starting material will become higher when that starting 
material has reacted to generate an additional chiral center, hence forming two sets of diastereomeric 
enantiomeric products. Importantly, chiral amplification factor (multiples), %ee2/%ee1, depends on the yield of 
this reaction (p), which exhibits a nonlinear increase in amplification as p approaches 100%. This process is 
inevitable. It represents a possible route by which small initial %ee1 values of prebiotic molecules could have 
been raised to high %ee2 contents during the pre-evolution of life period on Earth, without the need for an 
added chiral source to be present. This predicted behavior was then experimentally verified in Pictet-Spengler 
reactions of L-tryptophane methyl ester (L-TME) samples present in low enantiomeric excess (%ee1) with 
biacetyl or oxaldehyde (model reactions) run to various yields. Each reaction generates stereoisomer products, 
and chiral amplification of the L-TME’s initial %ee1 values to higher %ee2 values occurs in the unreacted 
(recovered) L-TME. Repeated cycles of these reactions create very high L-TME %ee values. Self-
cyclodimerization of low %ee1 L-amino acids with their D-enantiomers to generate L,L-, D,D- and L,D-cyclic 
products were computationally studied, leading to the same conclusion. Small %ee1 values are enhanced to 
larger %ee2 in the unreacted starting materials. 

Keywords: chiral amplification/enrichment; enantiomer; prebiotic era; amino acid 
 

1. Introduction 

Many reports until now have been exhibited that origin of life requires explanations from 
chemistry, especially organic stereochemistry. [1] For example, L-amino acids must have initially 
been amplified to a reasonably high %ee to permit synthesis of L-peptides in prebiotic conditions 
after L-amino acids had initially been formed with a low %ee. [2–9] This raises the general question: 
could L-amino acids have been amplified without any chiral ligand or chiral auxiliary present, and if 
so could other enantiomers originally formed with a low %ee value also have been amplified by 
following the same general principle? As one of the most fascinating study in this field that has been 
widely investigated recently. [10] In this study, we report that L-amino acids can be amplified to high 
%ee magnitudes without requiring other chiral sources to be present. Furthermore, this is just one 
example of other enantiomers that can be amplified from very low %ee magnitudes to high %ee 
values in this same manner. 

There were two possible ways to increase the (R)- or (S)-enantiomer content in the prebiotic pool. 
The first is to directly to amplify the enantiomer’s %ee. L-amino acids with tiny %ee values are known 
to be formed through various routes. [2–9] These include selective D-amino acid decomposition from 
racemic amino acids by circularly polarized light, [11–13] chiral asymmetric breaking, [14–16] or 
other ways. [17–19] L-amino acids present in small %ee values might be amplified by autocatalysis, 
[19] or amplification in the presence of a chiral auxiliary. [17,18,20–22] 
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It remains necessary to investigate how chiral amplification could have occurred under prebiotic 
conditions. No previous chiral amplification of a chiral compound present in a tiny %ee value (e.g., 
1%ee of L-amino acid) directly to a reasonably high %ee value (for example 30%ee) has been reported 
under simulated prebiotic chemical conditions in the absence of chiral source. We now report a 
general amplification method that inevitably leads to this result. It is fascinating that this problem is 
still unsolved despite the thousands of publications which have appeared on origin of life. [23] In this 
study, a possible explanation occurring by a natural route through typical organic reactions is 
revealed that demonstrates how the %ee values of reactants with initially small %ee’s are amplified 
as the reaction yields changed. Both computational and experimental investigations were performed 
under reasonable prebiotic conditions. 

2. Results 

2.1. Theoretical investigation of chiral amplification without any chiral source 

Consider the (R)-molecule ((R)-M, 1) and its enantiomer (S)-M (2), each of which can react with 
a bis-functional group-containing reactant (bis-FG). This process is shown in Scheme 1 (Item 1 in SM). 
The reaction was performed at 0 to 5 oC in dichloromethane (see experimental sections for more 
details). Scheme 1 illustrates the reaction of tryptophan’s methyl ester (TME), where a small %ee 
excess of the (S) enantiomer (L-TME) exists, with bis-functional group reagent 2,3-diketobutane. The 
TME’s amine reacts with the first ketone group of 2,3-diketobutane initiating the Pictet-Spengler 
reaction to afford a six-membered ring moiety. [24,25] This is followed by a second TME reacting 
with the keto group via another Pictet-Spengler sequence to form compounds 3 (racemates 3(1) and 
3(2)) and 4 (racemates (4(1) and 4(2)) [26,27] (Scheme 1, Items 2-6, Figures S1–S7 and Tables S1–S10 in 
SM) using various methods. [28–31] Since the two compounds polarities were quite close, it is difficult 
to obtain their very purity in a high yield. The isolated yields were 18% for 3 and 35% for 4, a total of 
53% yield. Also, the circular dichroism calculations permitted absolute configuration assignments of 
the chiral centers (Item 8, Figure S8 and Table S11 in SM). [32–35] This reaction is used later in the 
experimental validation of general equations (1-8) which will be developed herein to explain the 
relationship between the enantiomeric excess of the unreacted TMEs to the percent conversion of 
their initial amounts. Two molecules of this ester are incorporated into the product by amine 
condensation with this bis-FG’s carbonyls followed by the Pictet-Spengler reaction to form product 
groups 3 and 4. This reaction’s products all carry the original chiral center present in the TME 
enantiomers that were incorporated into 3 and 4. Now this process will be designated in a compact 
manner illustrated in Scheme 2 to allow the derivation of Equations (1)–(8). 
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Scheme 1. Possible products formed upon reacting TME with bis-functional molecule 2,3-
diketobutane (four cases). In this Scheme, %ee1 is given as the initial enantiomeric excess of the 
starting materials of 1 ((R)-TME) and 2 ((S)-TME). The %ee2 is given as the enantiomeric excess of the 
recovered 1 and 2 remaining in solution. 
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Scheme 2. A simplified expression of the four reaction cases based on the Scheme 1. 

2.2. A simplified expression of the four reaction cases and amplification equations 

The representative TME reaction in Scheme 1 can be divided into four reaction cases which 
afford the corresponding product groups 3 and 4. These products are shown in Scheme 1 and used 
in Scheme 2. In the first case, one molecule of (R)-1 and one molecule of (S)-2 react with bis-FG to 
form products (R,S)-3(i) (i=1 to n), here i is the ith product number of group 3, and n is final product 
number of 3. For example, the first product (i=1) was obtained (see the details later). It is designated 
as (R,S)-3(1). The second product is designated as (R,S)-3(2). The second reaction case occurs when 
(S)-2 and (R)-1 reacts with bis-FG to afford (S,R)-products 3(i). These are the enantiomers of (R,S)-3(i), 
and the number of these formed in case 2 are the same as (R,S)-3(i) in case 1. Case 3 occurs when two 
molecules of (R)-1 react with one bis-FG to afford compounds (R,R)-4(j) (j=1 to m), where j means the 
jth product of 4 and m is final product of the group numbered 4. Finally, in case 4, two molecules of 
(S)-2 react with bis-FG to produce (S,S)-4(j) (j=1 to m). Thus, the total of all products 3 formed in these 
four cases are the sum corresponding to all of (R,S)-3(i) and (S,R)-3(i) as illustrated in Scheme 1. This 
same procedure also applies to totaling all of the compounds, 4. 

In Scheme 2, %ee1 means the initial enantiomeric excess of the (R) and (S)-starting materials, D- 
and L-TME, 1 and 2. The %ee2 is the enantiomeric excess of the recovered TME from the remaining 
solution. Scheme 1 can be revised in a compressed format as Scheme 2. Scheme 2A re-expresses the 
four reaction cases, while 2B summarizes these four cases as a general formula for further 
development of equations 4 to 8. The term p represents combined yield of all the products in group 
3. Therefore, the yield of products in group 4 is (100-p). 

Initially, there are x moles of 1 and y moles (x  y) of 2 in the reactions with y moles of bisFG 
(Scheme 2B). This means there is an enantiomeric excess of (R)-M (1) initially. The yield of 3 is p% (0 
 p  100). This entire process affords both 3 and 4 (Scheme 1). When py/100 of 1 is consumed, p 

y/100 of 2 (1:1 ratio) must also be consumed during formation of 3, where (R,S)-3 and (S,R)-3 have 
each been generated in equal p y /2100 mole amounts. No matter what the ratio of (R,S)-3 to (S,R)-
3 is, the moles of (R)-1 and (S)-2 consumed are always the same. Thus, the amount of unreacted (R)-
M (1) remaining is (x − py/100) moles, while only (y − py/100) of (S)-M (2) is left (Scheme 2B) after 
py/100 moles of 3 formed. 

The total quantity of compound 4 formed is (100-p) y/100. At first glance, it seems like x and 
y could be computed as below after the formation of 3 and 4: ∆𝑥 = 𝑥 − 𝑦 × 𝑝100 − (100 − 𝑝) × 𝑦100 = 𝑥 − 𝑦 (1) 

𝑦 = 𝑦 − 𝑦 × 𝑝100 − (100 − 𝑝) × 𝑦100 = 0 (2) 

Then, the final %ee2 could be obtained from: %𝑒𝑒2 = ∆𝑥 − ∆𝑦∆𝑥 + ∆𝑦 = 100%  (3) 

This initially suggests that the %ee2 has nothing to do with the yield (p) to 3. However, using this 
equation (3) to calculate %ee2 is wrong. The reason for this is that the quantity of (R,R)-4 and (S,S)-4 
formed in the reaction may be different. Since formation of (R,R)-4 and (S,S)-4 pass over the same 
transition state barrier, the quantity of (R,R)-4 and (S,S)-4 formed must depend on the ratio of the 
quantity of (R)-1 and (S)-2 remaining in solution after any formation of 3. Thus, when x > y, initially, 
and the amount of (R)-1 and (S)-2 consumed is the same when 3 formed, x must be larger than y. 
Therefore, the quantity of (R,R)-4 formed is different from (S,S)-4. The amounts of (R)-1 and (S)-2 
consumed are different during formation of 4. Clearly, in this case, it is not correct to use the total 
quantity of 4 [(100-p)y/100] instead of the quantity of (R)-1 and (S)-2 in (2) and (3) to compute x and 
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y. The correct analysis of the quantity of (R)-1 and (S)-2 left in solution after forming 3 is derived 
below. 

After yp/100 moles of 3 has formed, the quantity of 4 produced is (100-p)y/100. Since the 
formation of (R,R)- and (S,S)-products had to pass over same transition state barrier, the ratio of the 
(R,R)-products to (S,S)-products formed in solution depends on the ratio of 1 and 2 remaining in 
solution. Namely, the ratio of (R,R)-products to (S,S)-products in 4 is proportional to the ratio of 1 
and 2 remaining in solution after any formation of 3. Thus, the amount of (R)-1 consumed (QR,R) to 
make (R,R)-4 in group 4 can be expressed as equation (4) after yp/100 moles of 3 has formed. Q𝑅,𝑅 = [𝑦(100−𝑝)100 ] 𝑥

𝑥+𝑦  = (𝑦(100 − 𝑝)% (𝑥−𝑝𝑦/100)(𝑥−𝑝𝑦/100)+(𝑦−𝑝𝑦/100)  (4) 

Similarly, the amount of (S)-2 that is being incorporated into the (S,S)-4 products is QS,S. It can 
be calculated as: Q𝑆,𝑆 = 𝑦(100 − 𝑝)% (𝑦−𝑝𝑦/100)((𝑥−𝑝𝑦/100)+(𝑦−𝑝𝑦/100)  (5) 

Next, the amount of 1 and 2 remaining (x and y, respectively) after formation of 3 and 4 is 
given as shown below: ∆𝑥 = (𝑥 − 𝑝𝑦100) − Q𝑅,𝑅 = 𝑥 − 𝑝𝑦/100 − 𝑦(𝑥−𝑝𝑦/100)(100−𝑝)%(𝑥−𝑝𝑦/100)+(𝑦−𝑝𝑦/100)  

(6) 

𝑦 = (𝑦 − 𝑝𝑦100) − 𝑄𝑆,𝑆 = 𝑦 − 𝑝𝑦/100 − 𝑦 (𝑦−𝑝𝑦/100)(100−𝑝)%(𝑥−𝑝𝑦/100)+(𝑦−𝑝𝑦/100)  
(7) 

Thus, the enantiomeric excess (%ee2) of (R)-1 remaining in solution, which can be recovered after 
the reactions shown in Equation (1), is calculated using Equation (8): %ee2 = 𝑥−𝑦

𝑥+𝑦 100%  (8) 

After putting 𝑥 and 𝑦 into the Equation (8), %ee2 can be calculated using the following 
equations: 

%ee2 = (𝑥 − 𝑦)  − 𝑦 (𝑥 −  𝑝𝑦100) (1 −  𝑝100)(𝑎 −  𝑝𝑦100) + (𝑏 − 𝑝𝑦100)  − 𝑦 (𝑏 −  𝑝𝑦100) (1 −  𝑝100)(𝑥 −  𝑝𝑦100) + (𝑦 −  𝑝𝑦100) 
(𝑥 + 𝑦 −  𝑝50 )  −  𝑦 (𝑥 −  𝑝𝑦100) (1 −  𝑝100)(𝑥 −  𝑝𝑦100) + (𝑥 − 𝑝𝑦100)  +  𝑦 (𝑦 − 𝑝𝑦100) (1 −  𝑝100)(𝑥 −  𝑝𝑦100) + (𝑦 −  𝑝100)  100% 

= (𝑥 − 𝑦) −  𝑦(𝑥 − 𝑦) (1 −  𝑝100)𝑥 + 𝑦 – 𝑝𝑦50(𝑥 + 𝑦 −  𝑝𝑦50 ) −  𝑥 (𝑥 + 𝑦 −  𝑝𝑦50 ) (1 − 𝑝100)𝑥 + 𝑦 – 𝑝𝑦50
 100% 

= (𝑥 − 𝑦) −  𝑦(𝑥 − 𝑦) (1 −  𝑝100)𝑥 + 𝑦 – 𝑝𝑦50(𝑥 + 𝑦 − 𝑝𝑦50 ) − 𝑥 (1 −  𝑝100)  100% 

= 50(𝑥−𝑦) 50(𝑥+𝑦) −𝑝𝑦 100%  

(8A) 

Or its relationship with %ee1 can be expressed as: %ee2 = 50(𝑥 + 𝑦) ×  %𝑒𝑒150(𝑥 + 𝑦) − 𝑝𝑦  100% (8B) 
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Here, %ee2 is obtained at p, which is the combined yield for the sum of all products 3 produced. 
Thus, %ee2 can be calculated for any initial value %ee1 as a function of yield p. 

2.3. Relationship among the x, y and p 

Three major characteristics of any general reaction, like that in Scheme 1 or Scheme 2, result from 
Eq. 8. The first (Figure 1(A)) plots the final (R)-1 %ee2 versus the starting %ee1. The second plot (Figure 
1(B)) illustrates the relationship of %ee = (%ee2 − %ee1) versus %ee1. The final relationship (Figure 
1(C)) depicts the ratio of %ee2 to %ee1 versus %ee1. Nine curves were calculated for each of these three 
relationships, which correspond to forming product 3 in 10% to 90% yields (p in Eq. (8)) in 10% 
increments. These predicted results are illustrated in Figure 1. As the value of %ee1 of (R)-1 decreases, 
the quantity of bis-FG (in Scheme 1 this is 2,3-butandione) added is increased since it is added in an 
equimolar amount to (S)-2. Proceeding from the lowest curve to the highest curve on all three plots 
represents raising the yield of 3 progressively from 10% to 90%. 

 
Figure 1. Calculated relationships based on Eq. 8A. The value of x (amount of (R)-1, in Scheme 2) is 
fixed as 10.0, which y (amount of (S)-2 changes from 0.001 to 9.999 in order to produce the %ee1 from 
99.980%ee to 0.005%ee in the calculations (x > y in Eq. 8A), respectively. The nine curves from the 
lowest one to the highest one on all three plots represents raising the yield (p) of 3 progressively from 
10% to 90%. (A) Relationship of the initial %ee1 versus the final (R)-1 %ee2. (B) Relationship of the %ee 
enhancement, %ee, of (R)-1 versus %ee1, where %ee equals (%ee2 − %ee1). (C) Relationship of the 
ratio of %ee2/%ee1 versus %ee1 for (R)-1. 

All nine %ee1 vs %ee2 curves for (R)-1 in Figure 1(A) are located above the 45° diagonal (the black 
line). Thus, they represent the chiral amplification region. 17,18 Amplification is inevitable as the 
reaction affords 3, despite the yield of 3 being progressively lowered to 10%. The higher the yield of 
3 becomes, the bigger the enantiomeric enhancement, %ee, of the remaining (R)-1 in solution 
becomes. Figure 1(B) illustrates that the larger the yield (p) to 3 becomes, a smaller initial %ee1 is 
needed to reach the maximum increase in %ee. Figure 1(C) shows that the amplification multiples 
are not linear. Smaller the %ee1 values produce bigger %ee2/%ee1 ratios. As p approaches to 90%, the 
amplification multiple is 10. If the yield approaches 100% with a starting %ee1 value of 0.005%, then 
the enhancement factor, %ee2/%ee1, reaches 20000. The %ee2 is almost 100% after this reaction. Thus, 
the extremely important possibility is demonstrated that a very small initial %ee1 of (R)-1, or any 
reactive (R) or (S) reactant, could have undergone extensive chiral amplification under prebiotic 
conditions upon reaction with a bis-FG reagent. 

2.4. Experimental verification of chiral amplification as predicted by equation 8. 

2.4.1. Chiral amplification using TME and 2,3-diketobutane 

Suitable reactive chiral molecules can be used to test the predictions of Eq. 8. An amino acid or 
its ester would have obvious importance for the prebiotic formation of high enantiomeric excesses 
required in origin of life. We selected D-tryptophan methyl ester (D-TME, (R)-1) and L-TME ((S)-2) 
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as the chiral amplification target and 2,3-butandione (biacetyl) as the bis-FG reagent. This reaction 
was performed 

Formation of 3 competes with formation of 4 because the intermediate hydroxyl amines are in 
equilibrium with the reagents (Scheme 3) before imine formation and cyclizations occur, eventually 
producing 3 and 4 (Scheme 1). The more 3 that forms, the higher the %ee values of unreacted L-
TME will be. Therefore, sufficient time must be allowed to achieve equilibrium between these D,L- 
and L,L-intermediate amino alcohols with TME and biacetyl before dehydrations occur to their 
imines in order to achieve high %ee values of unreacted the L-TME (Scheme 3, Items 8-10, Tables 
S12–S16, Figures S9 and S10 in SM). Thus, 2, 10 and 36 h times were selected for the process to 
equilibrate (Items 8-9, Tables S12–S16 in SM). The %ee2 values of unreacted L-TME were measured 
after these times and the three plots corresponding to the predictions in Figure 1 were constructed 
from these data and illustrated in Figure 2. The 10 h equilibrium time achieved the largest %ee for 
the recovered (R)-1. All of the experimental L-TME %ee2 values obtained versus the initial L-TME 
feed %ee1 values were located in the traditional amplification region. In Figure 2A, symbols △,  and 
□ represent the data from the first, second, and third series of experiments which correspond to the 
equilibrium times of 2, 10 and 36 h, respectively, in Table 1 (Table S15 in SM) 

Table 1. Three equilibrium times used in the reactions in Scheme 1 to afford the %ee2 and %ee values 
using L-TME with initial %ee1 at 1-3 oC a. 

Entry 

%ee1 of L-TME initially used %ee2 of L- TME recovered %ee (%ee2-%ee1) 

1st series 
2nd 

series 

3rd 

series 

1st series 

(yield) b 

2nd 

series 

3rd 

series 

1st 

series 

2nd 

series 

3rd 

series 

1 10.3 10.6 11.3 11.8(62%) 11.8(61%) 12.2(55%) 1.5 1.2 0.9 
2 18.7 17.9 17.9 20.9(60%) 19.0 (56%) 18.8 (53%) 2.2 1.1 0.9 
3 27.1 26.5 27.4 29.4(58%) 28.8 (55%) 29.7 (55%) 2.3 2.3 2.3 
4 36.6 36.7 37.6 42.2(59%) 41.5 (55%) 40.7 (51%) 5.6 4.8 3.1 
5 47.7 48.4 47.9 50.2(56%) 54.2 (56%) 51.4 (52%) 2.5 5.8 3.5 
6 57.8 59.0 60.2 58.4(60%) 64.4 (62%) 61.7 (53%) 0.6 5.4 1.5 
7 69.4 67.2 69.8 70.3(64%) 69.5 (61%) 71.8 (53%) 0.9 2.3 2.0 
8 80.5 79.9 80.1 82.1(62%) 82.5 (63%) 81.2(56%) 1.6 2.6 1.1 
9 90.4 90.18 89.1 91.2(60%) 90.22(56%) 90.6 (52%) 0.8 0.04  1.5 
a The equilibrium time was 2 h in the first series of reactions, 10 h in the second series, and 36 h. in the 
third series. b The data in parentheses are the yields to the recovered material. 

 
Scheme 3. Plausible intermediates from reactions of (R)-1 and (S)-2 with biacetal to afford product 
groups 3 and 4. 
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Figure 2. (A) Relationships of the initial L-TME %ee1 versus the final L-TME %ee2. (B) Relationship of 
the changes in L-TME’s enantiomeric excess, %ee, versus the initial L-TME %ee1, where %ee equals 
(%ee2−%ee1); (C) Relationship of the ratio (%ee2/%ee1) versus %ee1. Theoretical relationships were 
plotted with dash-lines. All data were obtained by Eq 8 using three yields (p) of 21.7%, 31.2% to 33.3% 
yields to 3. Experimental data are printed with square □, triangle △, and cross . 

Amplification of L-TME’s %ee occurred, although no new L-TME was produced and no 
additional chiral source was present. The observed amplification was an inevitable consequence of 
the reaction sequence. The three different red, blue and black dashed lines (Figure 2) predicted using 
Eq. 8, occur at 21.7%, 31.3 and 33.3% yields of 3. These three yields were calculated based on the 
corresponding relative energy differences between 3 and 4 of 0.520, 0.456, 0.677 kcal/mol, 
respectively, where 4 is more stable than 3. 37 These rigorous energy difference calculations employed 
B3LYP theory, using both 6-311+G(d) and 6-311++G(2d,p) basis sets. Calculations in the gas phase 
and in dichloromethane via the PCM model were made 29-35 (Item 2, Tables S4–S6 in SM). The L-TME 
enantiomeric excess changes (%ee) determined by experiments (Table 1) mostly lie near the curve 
predicted by Eq. 1 using the 21.7% yield of 3 (Figure 2B). These experimental results confirmed that 
this reaction procedure (Scheme 1) will amplify the %ee of L-TME compared to its lower initial %ee1 
value in a L- and D-TME solution. 

2.4.2. Amplification of a 0.7%ee of L-TME up to 3%ee 

The averaged L-TME %ee magnitude is 1.2% when %ee1 was about 10% (Table 1, entry 1). If 
the %ee1 is 1% or lower, the %ee increases might be small, with a low accompanied unreacted 
quantity of TME that is difficult to isolate from the reaction products. Thus, a low initial %ee1 of 1% 
was reacted with 2,3-diketobutane in about 90% conversion of D-TME in the first double Pictet-
Spengler reactions cycle. The recovered TME (about 10% of D-TME left in the recovered TME 
theoretically) could again reacted with 2,3-diketobutane and the recovered TME from the second 
cycle used to determine it %ee2.  

L- and D-TME was prepared with an initial L-TME %ee1 value between 0.7-1.0%ee, determined 
using OR and HPLC methods (Item 8, Tables S12–S15). The first amplification multiple (%ee2/%ee1) 
was estimated as 1.3-1.4 based on the above results (Figure 2C). Two sequential cycles of the double 
Pictet-Spengler bis-addition/cyclization of sequence were then performed, using a mole ratio of 
biacetyl to D-TME of 0.90 and 5.0 g of the starting material, the recovered L-TME exhibited %ee2 

values of 2.7 and 3.3 (Item 9, Table S16 in SM), when applying the same HPLC and OR methods used 
for the %ee1 determination of the starting material (Item 10 in SM).  

This procedure was repeated with 11.50 g of the 0.8%ee L-TME. The biacetyl/D-TME ratio was 
0.90. After completing two cycles, HPLC analysis found a 3.3%ee. It was 3.0%ee using OR data. This 
%ee2 values was about 4.2 times larger than the original %ee1 value, a result close to that obtained in 
the first test using 5.00 g L-TME (Item 9, Table S16 in SM). 
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2.4.3. Amplification of high %ee of L-TME using oxalaldehyde 

In Scheme 1, only one cycle of the double Pictet-Spengler reaction were conducted to generate 
the amplification of %ee values. Thus, another set of condensations were performed at 1-3 oC 
employing oxalaldehyde in place of biacetyl (Scheme 4) using series of L-TME %ee1 values from about 
5%ee to 90%ee. 27 Only one cycle of double Pictet-Spengler reaction sequence was used in these 
experiments. Compounds 5 (two racemates 5(1) and 5(2)) and 6 (one racemate 6(1)) formed. 5(1) had 
a lower relative energy (1.31 kcal/mol) than 6(1) (Items 11-12, Tables S17–S21), predicted by 
calculations at the B3LYP/6-311++G(2d,p) level in CH2Cl2 using the PCM model (Scheme 4). The three 
plots, %ee2 vs %ee1, %ee vs %ee1, and %ee2/%ee1 vs %ee1, were predicted using Eq 8 and are 
illustrated in Figure 3. 

 
Scheme 4. L-TME (%ee1) reacts with oxalaldehyde to afford 5(1), 5(2) and 6(1) (relative energies listed 
below their structures). 

 
Figure 3. Computed relationships predicted from Eq.8 and experimental results obtained for %ee1, 
%ee2, %ee and the ratio of %ee2/%ee1 in the L-TME/oxalaldehyde reactions. The yield, p, to (R,S)-5 
was assumed as 90% based on the energy difference between 5(1) and 6(1) of 1.307 kcal/mol (dash 
curve). The “” symbols represent the experimental values. The deep blue lines through the “” 
symbols are the fitted experimental points. 

The initial %ee1 for L-TME increased from 6% to 90% at a mole ratio of oxalaldehyde to D-TME 
of 0.90 (Items 13-14, Tables S22 and S23A). The maximum %ee reached a high of 11.2 %ee when 
%ee1 was 30.6%. The simulated relationships among %ee1 vs %ee2, %ee1 vs %ee and %ee1 vs 
%ee2/%ee1 are summarized in Figure 3. Finally, a 30.6%ee of L-TME was reacted with nine different 
oxalaldehyde/D-TME mole ratios from 0.7 to 1.5. The experimental results of %ee2 vs this mole ratio 
is plotted in Figure 4. As the ratio of oxalaldehyde to D-TME increased, the %ee2 rose from 5.0% to 
12.1% (Item 14, Tables S23B). 
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Figure 4. The change in %ee2 versus the oxalaldehyde to D-TME mole ratio (%ee1 = 30.6%) in CH2Cl2 
at 1-3 oC. 

2.4.4. Chiral amplifications of L-amino acids 

Scheme 1 illustrates that an amine reacting with 2,3-diketobutane in the Pictet-Spengler reaction 
should produce an increase in the enantiomeric excesses. However, under nonequilibrium conditions 
and at low temperatures, is this conclusion still true? To demonstrate that an equilibrium need not 
exist, we selected oxalyl dichloride as the bis-functional reagent and performed bis-amide-formation 
reaction (Eq. 9). This reaction was only performed once, occurring readily at −80 oC in 24 h in the 
presence of triethylamine (TEA). The increased %ee values of L-phenylalanine methyl ester were 
1.8%, 2.3%, 3.9% and 0.8% when the %ee1 values of the L-phenylalanine methyl ester changed from 
22.0% to 26.8%, 46.6% and 56.0%, respectively (Item 15, Tables S24 and S25). Amide formation from 
oxalyl dichloride, catalyzed by TEA, has a low activation energy. Thus, the increased %ee value 
(%ee2-%ee1) was only 0.3% when 63.9% of L-phenylalanine (%ee1) was used. This confirms that 
Scheme 1 can generally be applied for the reaction classes in Eq. 9 or in Schemes 1 and 4. 

 

(9) 

2.4.5. Possible L-amino acid amplification by dimerization to cyclic dipeptides  

Amino acids could have participated in prebiotic condensations, where an L-amino acid reacted 
with another L- or D-amino acid to afford the corresponding L,L-and D,L-cyclic dipeptides (Eq. 10). 
The undimerized L-amino acid remaining, if initially present in a tiny %ee1, could have been 
amplified to a higher %ee. Cyclodipeptide formation is slow under lab conditions and difficult to 
control, but it could have occurred slowly in prebiotic pools. We selected six typical amino acids for 
a computational study of possible ee amplification. They included alanine, the smallest chiral amino 
acid, isoleucine, containing a double-stereogenic center, valine, with an isopropyl group, cysteine, 
containing a thiol, histidine, with a heterocyclic moiety and aspartic acid, with two carboxylic acid 
groups. B3LYP and MPW1PW91 computations at the 6-311++G(2d,p) level in water using PCM model 
provided the energy differences of L,L-and D,L-cyclic dimers. These were used to calculate values of 
%ee2, %ee and %ee2/%ee1 for initial L-amino acid values of %ee1 = 0.50% at selected cyclodimer yields 
(p) (Table 2, also see Item 16, Table S26) [37] 

 

(10) 
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Table 2. Energy differences between the L,L- and D,L-cyclic dimers of six example amino acids and 
calculations of %ee2 and %ee values using this energy data. 

Entry  Cpd E a E b p D,L-prod (%)  %ee2 f %ee %ee2/%ee1 

1 14 -0.194  -0.101 58.1 d / 54.2 e 1.19 0.69 2.37 
2 15 -0.485 -0.469 69.4 / 68.8 1.64 1.12 3.23 
3 16 -0.438  -0.458 67.3 / 68.4 1.53 1.01 3.02 
4 17 +0.018  -0.028 49.2 / 51.2 0.98 0.48 1.96 

5 18 
-0.185  

-0.547 c 
+0.198 
-0.650 c 

57.7 / 41.7 
60.3 / 75.0 

1.18 
1.26 

0.68 
0.75 

2.34 
2.50 

6 19 
+0.626 
-1.026 c 

+0.796 
-1.569 c 

25.8 / 20.7 
85.0 / 93.4 

0.68 
3.26 

0.18 
2.76 

1.34 
6.48 

a The B3LYP/6-311++G(2d,p) method (M1) applied the PCM model to calculate these results in a water 
medium. E = 627.5  (ED,L-product − EL,L-product), in kcal/mol. bThe MPW1PW91/6-311++G(2d,p) method 
(M2) was used. c These geometries have no intramolecular H-bonds. Their energy was used for E 
calculations. d E was calculated via method M1 and used in yield predictions. e E, computed via 
method M2, was used in yield predictions. f A %ee1 value of 0.50%ee was used in %ee2 and %ee 
calculations employing Eq. 8. Only the data from M1 calculations were used for these calculations. 

The D,L-cyclic dimers formed in water have lower energy than their corresponding L,L-products 
in water except for those derived from cysteine (17) and histidine (19), where the D,L-products are 
less stable by 0.018 and 0.626 kcal/mol, respectively (Table 2, entries 4 and 6) using B3LYP theory. 
This cysteine diastereomer energy difference is small and was corroborated by the -0.028 kcal/mol 
value obtained from MPW1PW91 theory in water using the PCM model. No intramolecular H-bond 
was found in formed cyclodipeptides structure of cysteine. In contrast, after careful examination of 
the low energy D,L-cyclodipeptide geometry of histidine, a strong intramolecular H-bond formed in 
the lowest energy geometry. Possibly, water may break the intramolecular H-bond by solvation. 
Thus, the conformers with and without intramolecular H-bonds were both used for the energy 
difference analyses.  

Histidine and aspartic acid represent interesting examples. The D,L-cyclodimer of histidine ester 
has a 1.026 kcal/mol (entry 6) lower energy than the L,L-product in water when the geometries with 
H-bonds were not computed in energy computations. Similarly, the energy difference between the 
D,L- and L,L-product of aspartic acid ester is 0.547 kcal/mol under these conditions (entry 5). 
Therefore, if all the starting amino acids were converted into the L,L- and D,L-cyclic peptides (Eq. 
10), the maximum product yields formed (at complete conversion of the D-enantiomer) would 
depend on the relative energy between the two products. The higher a cyclodimer product’s relative 
energy, the smaller will be the yield of this product. Most D,L-cyclodimers had lower energies than 
their L,L-counterparts. Therefore, the selected L-, and D-amino acids tend to form D,L-cyclodimer 
major products (over 50% yields). The more D,L-products that form, the more L-amino acids will be 
left unreacted in solution. From B3LYP computed energies, the relationships among the yield (p) to 
D,L-cyclic dipeptides in Eq. 10 (this corresponds to the (R,S)-products), %ee1, %ee2, %ee and 
amplification multiples %ee2/%ee1 are quantitatively predicted by Eq. 8 and listed in Table 2. 
Logically, the concentration of the remaining L-amino acids will increase (e.g., the %ee2 value will 
increase). 

3. Materials and Methods 

3.1. Experimental section 

A low initial %ee1 value below 1.0% for L-TME was prepared by mixing commercial L-TME and 
D-TME samples of known enantiomeric contents. This initial %ee1 value was very small. Thus, three 
methods were used for %ee1 determinations (Item 7 in SM). The first directly measured the OR value 
and compared it with that of a 99%ee sample of L-TME. The second method employed HPLC analysis 
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with a chiral column. In the third method, L-TME was reacted with benzoyl chloride to afford the 
corresponding benzamide (Item 6, Figures S3 and S4). The (S)-benzamide obtained was used to 
measure its OR and for HPLC analysis to achieve an %ee1 determination (using a Chiralcel-IA column 
and elution with a petroleum and isopropanol solution (v/v, 60:40) (Table S13, Items 6 and 7 in SM). 
These three methods gave almost the same result. The real %ee was confirmed to be about between 
0.7-1.0%ee. 

The TME with a 0.7-1.0%ee of L-TME was dissolved in CH2Cl2 and cooled to near 0 oC. Biacetyl 
was added in a biacetyl to D-TME mole ratio of 0.90, using 5.0 g of the starting material. This mixture 
was stirred for 10 h in the presence of 0.01% of trifluoroacetic acid (TFA) to begin the Pictet-Spengler 
reaction. Then, molecular sieves (4Å) were added and the reaction was held at 0 oC for 14 h. The 
recovered unreacted starting TME was then employed in a second Pictet-Spengler cycle (mole ratio 
of biacetyl to D-TME of 0.90) under the same reaction conditions. After this second Pictet-Spengler 
reaction cycle, the recovered unreacted material was analyzed by chiral HPLC analysis to obtain 
%ee2. The amplification value, %ee2/%ee1, was 2.7 to 3.2 after the two cycles (Table S6, Item 8 in SM).  

L-TME samples with different %ee1 values were reacted with oxalyl dichloride (Eq. 3). These 
reactions were held at −80 oC for 24 h after addition of triethylamine (TEA). Following each reaction, 
the unreacted L-TME crude was purified by column chromatography over silica gel. The recovered 
pure TME samples were then analyzed by chiral HPLC. 

NMR data for the compounds involved in the report. The racemic products isolated from the 
1%ee of L-tryptophan methyl ester were separated using a Chiralcel-IA stationary phase (Item 3, 
Figure S7). The mixture of petroleum ether and isopropanol (80:20) were used in the HPLC separation 
of enantiomer 3. The mixtures of petroleum ether and isopropanol (v/v: 85:15) were used for 4 
isolation. 

Separated dimethyl (6R,7aR,12bS,14S,15aS,15bR)-15a,15b-dimethyl-5,6,7a,8,13,14,15,15a,15b,16-
decahydropyrrolo[2′,3′:1,2]indolizino[3,2-b:8,7-b′]diindole-6,14-dicarboxylate ((+)-3(1)). []D +32 (c 
3.25, CH2Cl2). HR-MS-ESI m/z calcd for C28H30N4O4[M+H]+ 487.2345, found 487.2356. 1H NMR (600 
MHz, CDCl3) δ 9.85 (s, 1H), 7.39 (d, J=7.8Hz, 1H), 7.31 (d, J=7.86 Hz, 1H), 7.05 (t, J=7.2 Hz, 1H), 6.99 
(m, 2H), 6.88 (d, J=7.2 Hz, 1H), 6.63 (t, J=7.2 Hz, 1H), 6.49 (d, J=8.4 Hz, 1H), 5.10 (s, 1H), 4.45 (dd, J=12, 
7.2 Hz, 1H), 4.12 (dd, J=12.0, 5.1 Hz, 1H), 3.76 (s, 3H), 3.39 (s, 3H), 3.27 (dd, J=15.6, 12 Hz, 1H), 2.88 
(dd, J=15.6, 4.8 Hz, 1H), 2.15 (m, 1H), 1.38 (s, 3H), 1.30 (m, 1H), 1.11 (s, 3H). 13C NMR (150 MHz, 
CDCl3) δ 173.4, 172.8, 149.2, 138.2, 135.4, 129.9, 127.5, 125.7, 122.8, 120.4, 118.0, 116.8, 116.6, 110.7, 108.2, 
104.5 80.0, 74.2, 66.9, 63.7, 60.8, 51.3, 51.0, 42.0, 23.3, 21.1, 19.2. 

Separated dimethyl (6S,7aS,12bR,14S,15aR,15bR)-15a,15b-dimethyl-5,6,7a,8,13,14,15,15a,15b,16-
decahydropyrrolo[2′,3′:1,2]indolizino[3,2-b:8,7-b′]diindole-6,14-dicarboxylate (4(2)). []D -104.76 (c, 
5.25, CHCl3). HR-MS-ESI m/z calcd for C28H30N4O4[M+H]+ 487.2345, found 487.2354. 1H NMR (600 
MHz, CDCl3) δ 7.88 (s, 1H), 7.44 (d, J=7.8 Hz, 1 H,), 7.24 (d, J=7.8 Hz, 1 H), 7.06 (m, 2 H,), 7.02 (m, 2 
H), 6.65 (t, J=7.2 Hz, 1 H,), 6.54 (d, J=7.8 Hz, 1 H,), 4.78 (s, 1 H), 4.29 (t, J=5.4 Hz, 1 H), 3.89 (dd, J=10.2, 
4.8 Hz, 1 H), 3.62 (s, 3 H), 3.58 (s, 3 H), 3.27 (dd, J=15, 6.0 Hz,1 H,), 3.12 (dd, J=15, 5.4 Hz, 1 H), 2.51-
2.41 (dd, J=14.4, 4.8 Hz, 2 H), 1.43 (s, 3 H), 1.04 (s, 3H). 13C NMR (150 MHz, CDCl3) δ 175.5, 175.0, 
150.7, 136.3, 136.0, 129.7, 128.7, 126.6, 124.1, 122.0, 119.6, 118.4, 118.0, 111.2, 109.7, 107.8, 89.7, 77.7, 66.6, 
65.3, 59.6, 57.3, 52.3, 52.2, 43.3, 26.2, 26.2, 23.4. 

3.2. Computational section 

Each of 32 pairs of enantiomers from the 64 total stereoisomers in compound 3 (including 4-6) 
were used in energy optimizations at the B3LYP/6-31G(d). Before these energy calculations were 
conducted, each of the 32 pairs of enantiomers was subjected to a full conformational search 
employing the MMFF94S force field. The B3LYP/6-31G(d)-optimized geometries with relative 
energies from 0-4 kcal/mol were further optimized at the B3LYP/6-311++G(2d,p) level, both in the gas 
phase and in solution (CH2Cl2) using PCM model. Then, the most stable and the second stable 
structures with their relative energy data were found. All of these are summarized in the SM 
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4. Conclusions 

An inevitable chemical process was discovered that amplifies the enantiomeric excesses of any 
enantiomer originally present in a low %ee to a higher %ee value without a chiral catalyst or an 
additional chiral reagent present. An equation was derived (Eq. 8) to predict the %ee value of this 
enhancement as a function of the reaction processes yield (p) and the initial %ee1 value. Then this 
equation was experimentally verified in three different reactions and the %ee and %ee2 values were 
obtained. Amino acid cyclodimerization was studied using quantum theory to calculate L,L- vs D,L-
cyclodimer energy differences. The energy data was used to compute the yields (p) to D,L-
cyclodimers when all the D-enantiomer is consumed. Then, these p values were further used to 
calculate %ee2 and %ee values, when %ee1 is known. Chiral compounds, such as L-amino acids 
which had undergone significant %ee enhancement from their low initial %ee1 values, could then 
have been used in synthesis of L-peptides or as chiral catalysts for prebiotic reactions. This method 
of obtaining high %ee values in the prebiotic period during the evolution of life has not previously 
been mentioned or proposed. We have demonstrated that these and other repetitive chemical 
reactions could have been a viable path that produced highly enriched %ee enantiomers from very 
low initial %ee values. 

Thus, after the amplification reactions, enantiomers, such as L-amino acids with very tiny %ee 
increased to a reasonable concentration (such as more than 20%ee or higher) will be left. They may 
be small amount, however, they may act as a seed, and promoted or catalyzed the synthesis of other 
chiral compounds in prebiotic time. 

Supplementary Materials: The following supporting information can be downloaded at the website of this 
paper posted on Preprints.org. Figure S1: 1H NMR spectra for (R,S)-3(2). Figure S2 13C NMR spectra for (R,S)-
3(2); Figure S3 The HMBC spectrum for (R,S)-3(2). Figure S4 The 1H NMR for (S,S)-4(1) compound in CDCl3; 

Figure S5 The 13C NMR for (S,S)-4(1) compound in CDCl3; Figure S6. The HMBC spectrum for (S,S)-4(1). The 
relationship of H and C in the HMBC is summarized below (also see the specific data in Table S2); Figure S7 
The HPLC plots for major products 3 and 4 using Chiracel-IA. The specific optical rotations are +32.0 for signal 
A (named as 3SA) and almost -32.0 for signal B (3SB). The specific optical rotation values are +104.0 for signal 
A (4SA) and -104.0 for signal B (4SB). The solvent is chloroform; Figure S8 The experimental and computed 
ECD for the two compounds 3 and 4. Figure S9 The 1H NMR spectra for the structure of methyl 2-benzamido-
3-(1H-indol-3-yl)propanoate. Figure S10 The 13C NMR spectra for the structure of methyl 2-benzamido-3-(1H-
indol-3-yl)propanoate. Table S1. Relationship of C and H in HMBC spectra for (R,S)-3(2); Table S2 Relationship 
of C and H in HMBC spectra ((S,S)-4(1) in DMSO-d6). Table S3 Experimental ECD spectra for (+)-3SA and (-)-
4SB; Table S4 The specific isomer structures and their energetic. Table S5 The predicted relative energy for the 
four isomers of 3 and 4. Table S6 The summarized energetics and yields for the four compounds. Table S7 
Coordinates for (R,S)-3(2) (=DL-9 in SM). Table S8 Coordinates for (R,S)-3(1) (=DL-6 in SM). Table S9 
Coordinates for (S,S)-4(1) (=LL-8 in SM). Table S10 Coordinates for (S,S)-4(2) (=LL-9 in SM). Table S11 The 
experimental and predicted OR values for the four compounds. Table S12 HPLC analysis for the first series of 

condensations. Accurate determination of %ee values is very critical in HPLC analysis. The integration intervals 
(from starting retention time to its ending time) are fixed in all integration squares. Table S13 The HPLC 
analysis for the L-TME recovered from the second series of condensation. Table S14 The HPLC analysis for 
recovered L-TME from the third series of reactions. Table S15 The summaries from the Tables S13 to S14. Table 
S16 The %ee values of (S)-benzamide analyzed by HPLC using a Chiralcel-IA column and mixtures of 
petroleum and isopropanol (v/v, 60:40) (Specific HPLC plots are listed below. The compound is pure enough 
for HPLC analysis. The integration time ranges that were used for %ee value calculations are strictly held the 
same in different measurements.). Table S17 The total 32 enantiomers optimized at the B3LYP/6-31G(d) level 
in the gas phase and their energy values. Table S18 The predicted energy for the eight compounds. Table S19 
coordinate for (R,S)-5(1) in text (=DL-4 in the Table S18). Table S20 coordinate for (R,S)-5(2) in text (=DL-9 in 
Table S18). Table S21 coordinate for (S,S)-6(1) in text (=LL-6 in Table S18). Table S22 The HPLC plots for the 
%ee2 of L-TME analysis (L-TME was converted into the corresponding benzamide for this measurement, see 
details at the end of this Table). Table S23A The %ee2 changes when starting material %ee1 changes from 6.1% 
to 89.6% summarized from Table S22. Table S23B The %ee2 change tendency when the starting material’s %ee1 
was fixed and the mole ratio of oxalaldehyde to D-TME increased from 0.7 to 1.3 summarized from Table S22. 
Table S24 Analysis of %ee values of L-phenylalanine benzamide via HPLC. Table S25 The %ee2 changes when 
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starting material %ee1 varies (summary of Table S24). Table S26 The predicted energy for six selected amino 
acids using DFT methods in the gas phase and in liquid using PCM model. 
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