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ABSTRACT 

The goal of this research is to examine the substituent effects of alkyl 

groups on the tautomerization of N,N-dimethylamino acids. This 

study of substituent effects on the tautomeric distribution of zwitterion and 

neutral unionized tautomer was studied in D2O and CD3CN. The 

percentage of zwitterion was determined in these solvents for N,N-

dimethylglycine, N,N-dimethylalanine, N,N-dimethylvaline, N,N-

dimethylleucine, and N,N-dimethylisoleucine. The role of the solvent on 

the amino acid tautomerization was also investigated. 

Computational methods were also applied to this study to examine the 

substituent effects on amino acid tautomerization. Spartan and Gaussian 92 

programs were utilized to perform the molecular modeling task (HF/STO-

3G, HF/6-311++G**) for the identification of the potential energy minima 

for the zwitterion model and the neutral unionized tautomer model. The 

design for models of the zwitterion and the neutral unionized tautomer were 

also investigated in this study. The relative energy difference in these 

minima for the zwitterion and the neutral unionized tautomer provides 

information on the relative stability of the tautomers. 
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CHAPTER I 

INTRODUCTION 

Amino acids are known as the building blocks of protein in living 

organisms. Ever since the discovery of proteins in 1839 by Gerardus 

Johannes Mulder, research suggests that proteins are involved in every 

cellular process. Enzymes and hormones are examples of protein with 

biological activities. The importance of studying amino acids provides a 

better understanding of protein activity in biological processes. Only 20 

amino acids are commonly found in plant and animal proteins. These 20 

amino acids are common in that each amino acid contain an amino group 

and a carboxylic acid group at the a carbon (Figure 1). 

H2N CH COOH 

I 

Figure 1. General Structure of Amino Acids. 

Hence, these amino acids are classified as a-aminocarboxylic acids. The 

structural difference between these amino acids is the side group denoted as 

R on the a carbon. Due to the presence of an acidic carboxylic acid group 

and a basic amino group, amino acids have an amphoteric behavior which 

allows reaction with acids or bases. The existence of an acidic group and a 

basic group in the same molecule of a neutral unionized amino acid also 



allows intramolecular acid-base equilibrium reaction resulting in the 

formation of a dipolar tautomeric ion known as the zwitterion (Figure 2). 

H 2 N — C H — C O O H - H3N — C H — c o o " 

R R 

Neutral unionized tautomeric form Zwitterionic form 

Figure 2. Tautomeric Equilibrium of Amino Acids. 

The term "zwitterion" stems from the German word zwitter meaning 

hybrid. The zwitterion possesses a protonated amino group and a 

deprotonated carboxyl group which results in a net charge of zero. Amino 

acids exist primarily in zwitterionic form in aqueous solution and solid 

state while the unionized neutral form is preferred in less polar media and 

the gas phase. Stabilization of the zwitterionic form in this tautomeric 

equilibrium greatly influences the magnitude of the equilibrium constant, 

Kp. The equilibrium constant, K ,̂ for each amino acid provides 

information conceming the distribution of the tautomers in equilibrium 

since KQ is a ratio of concentration of zwitterion divided by the 

concentration of neutral unionized tautomeric form. 

The formation of zwitterion from the neutral unionized tautomer via 

intramolecular acid-base reaction involves the transfer of a proton (H+). 

Proton transfer has been described as the "most general and important 

reaction in chemistry."^ The importance of proton transfer is demonstrated 



by processes such as the enzymatic ability of a-chymotrypsin and proton 
7 • • 

conduction across membranes. In the case of amino acid tautomerization, 
8 9 

proton transfer reaction has been investigated extensively. » The proton 

transfer reaction in amino acid tautomerization to form the zwitterion or the 

neutral unionized tautomer is dictated by the magnitude of the tautomeric 

equilibrium constant and the environment of the proton transfer reaction in 

terms of polarity. 

In the past, interest of amino acids in polar solvents predominated over 

that in non-polar solvents. Polar solvents, such as dimethyl sulfoxide 

(DMSO), were found to mimick in vivo environments. More recently, 

there has been an increasing interest in amino acid properties in non-polar 

solvents. Non-polar solvent studies of amino acid helps portray the 

hydrophobic environments of membranes in biological systems. Thus, 

studies of amino acids in environment with different polarity have become 

an important issue in scientific research. 

In this study, proton transfer in the tautomerization of amino acids was 

investigated in CD3CN and D2O. Acetonitrile is a commonly used solvent 

in organic chemistry due to its capability to dissolve a substantial number of 

organic solutes.'^ As a polar aprotic solvent, the ability of acetonitrile to 

form intermolecular hydrogen bonds with solutes is reduced compare to a 

profic solvent such as water. Hence, formation of intramolecular hydrogen 

bond plays in a dominant role in the stabilization of amino acid for aprotic 

solvents such as acetonitrile or DMSO. The results from this solvent 

study in CD3CN and D2O provide information on the effects of hydrogen 

bonding in relafionship to the tautomeric equilibrium of amino acids. 



The amino acids employed in this study are N,N-dimethyl amino acids. 

Some examples of biochemically important N,N-dialkylated amino acids 

are N,N-dimethylglycine and N,N-dimethyltryptophan. N,N-

dimethylglycine was found to participate in metabolic processes while 

N,N-dimethyltrytophan was discovered to inhibit growth of lettuce 

seedlings. Compared to a-amino acids, N,N-dimethylamino acids exhibit 

an enhanced solubility in wide range of solvents. Due to this enhanced 

solubility of N,N-dimethylamino acids in contrast with a-amino acids, a 

more detailed study of amino acid properties, such as substituent effects, 

can be achieved with different solvents. 

A major goal of this research is to investigate the substituent effects of 

the R group in stabilizing the amino acid tautomers in CD3CN and D2O. 

The solvation effects from these solvents on the tautomeric equilibrium of 

amino acids were also analyzed. Another goal is to relate and compare the 

experimental results with computational results. 

The use of computers to model molecules has been commonly employed 

in studies of chemistry. Due to this popularity, molecular modeling using 

sophisticated computers has prospered and became a field of its own known 

as computational chemistry. Computational chemistry, a field which links 

theoretical chemistry with experimental chemistry, allows molecules to be 

modeled by means of vigorous and intricate computer calculations for 

prediction of experimental results. The study of molecules by this 

computational method is limited by the size of the molecule of interest. The 

number of atoms in the molecule of interest and the level of theory used 

determine the amount of computer time necessary to perform a modeling 

task. The computer time required for each calculation increases 



dramatically for each additional atom incorporated in a model. Modeling a 

large molecule will require the usage of more computer time in comparison 

with a small molecule. To enhance computer time efficiency, it is common 

to model a large molecular structure by chosing a smaller-size prototype 

which adequately represent the larger system. 

Two programs that are commonly used to perform this molecular 
1 iT 1 "7 

modeling task are Spartan and Gaussian 92. The computational aspects 

of modeling the zwitterion and the unionized tautomer for the investigation 

of proton transfer in the tautomerization of amino acids was examined in the 

gas phase. The study of proton transfer in the gas phase is characterized in 

Figure 3. 

AH—B "[A—H—B]^ =̂  A—KB 

Figure 3. Proton Transfer From Subunit A to Subunit B. 

A schematic of potential energy curve for this general proton transfer 

between subunits A and B is illustrated in Figure 4. The difference in 

energy (AE) between the AH-B minima and the A-HB minima provides an 

indication of the relative stability of AH-B versus A-HB at equilibrium. 

The transition state of this proton transfer is labeled as A-H-B. The energy 

barrier between A-HB and AH-B dictates the kinetics of the proton transfer 

(not the focus of this study). 



Energy 

/V-H—B 

AH—B 

Reaction Coordinate 

Figure 4. Potential Energy Curve for Proton Transfer between Subunits A 
andB. 

Computational studies of proton transfer have flourished in the literature 
1 Q 

since the publication of dementi's ab initio study on proton transfer 

between ammonia and hydrochloric acid in 1967. Computational studies on 

proton transfer in systems such as (H20~H~OH2)"^, (H3N~H~NH3)'^, and 

(H3N~H~OH2)"'" were also examined by various scientists in the past. ' ' 

In the analysis of proton transfer models, different research groups utilized 

different levels of theory and basis sets which make data comparison 

difficult and inconsistent. Although various basis sets were employed in 

different studies of proton transfer, an enlargement of the basis set at the 

Hartree-Fock level was generally found to result in higher barriers for proton 

transfer. With the incorporation of electron correlation in these studies, the 
22 

reduction of the proton transfer barrier was generally observed. Hence, the 

effects of proton transfer barrier contributed from the use of different basis 



sets and incorporation of electron correlation are considered in interpreting 

results from computational studies of proton transfer reactions. 

To adequately represent the proton transfer in the tautomerization of 

amino acids, a formic acid-ammonia model was introduced by Nash et al." 

This formic acid-ammonia model is illustrated in Figure 5. 

O 

H " 
\ C 

H .N H O ^ ^ H 
H 

Figure 5. Formic Acid-Ammonia Model Proposed by Nash et al. 

Nash et al. conducted their computational study by the Hartree-Fock 

method with ST0-3G and 4-3IG in the gas phase. A potential energy curve 

of STO-3G analysis obtained from a graph of relative energy versus N-H 

distance imperceptibly illustrates a double minimum character of zwitterion 

and neutral unionized tautomer. The double minimum character was more 

noticeable from the 4-31G potential energy curve than the ST0-3G 

potential energy curve. An observation which troubled the authors was the 

significant stability of the neutral unionized tautomer over the zwitterionic 

form shown in the 4-3IG potential energy curve since the zwitterion 

minima was imperceptibly visible. 

Additional computational work on proton transfer between zwitterion 

and neutral unionized tautomer of amino acids using the same formic 

acid/ammonia model proposed by Nash et al. was investigated by J. Parra-
7 



Mouchet, R. R. Contreras, and A. Aizman. Instead of varying the N-H 

distance performed by Nash et al., Parra-Mouchet et al. varied the O-H 

distance. This group has compared results between gas phase studies and 

solvent effect studies by means of self-consistent reaction field (SCRF). 

Self-consistent field CNDO/2 approximation was utilized in these 

calculations. The methodology of CNDO/2 applied to hydrogen bonded 

system produces results similar to ab initio wave fiinctions. The results 

performed at a polarizable medium characterized by a dielectric constant of 

30 predicted that the zwitterion was favored over the neutral unionized 

tautomer. The stable zwitterion at a dielectric constant of 30 exhibits a N-H 

distance of 1.0 angstrom and an O-H distance of 1.7 angstrom. 

According to previous computational research on amino acid proton 

transfer, the incorporation of higher basis set and electron correlation to 

describe the proton transfer is worth investigating. In this research project, 

restricted Hartree-Fock level of theory was employed with ST0-3G, 6-3 IG, 

and 6-311++G**. The largest basis set used in this study, 6-311++G**, is a 

triple valence set which includes diffuse function and polarizability ftinction 

for hydrogens to provide an adequate description of the proton transfer in 

the tautomerization of amino acids. Incorporation of diffuse ftinction has 

proved to be a necessity for calculations on hydrogen bonded system in the 

past.'̂ ^ Past research has discovered that MP2 theory with the 6-311++G** 

basis set performed exceptionally well in modeling small amino acid, such 

as glycine, in gas phase. The goal of this computational study is to 

determine the relative energy difference between the zwitterionic form and 

the neutral unionized tautomer for different amino acids. Comparison of 

calculated relative energy differences provide information conceming the 



magnitude of the tautomeric equilibrium and also the stabilization 

contributed from substituent effects of different amino acids in stablizing 

the zwitterionic form or the neutral unionized form. 



CHAPTER II 

RESULTS AND DISCUSSION 

Experimental Results and Discussion 

Synthesis of N,N-Dimethylamino Acid Derivatives 

In order to determine the equilibrium distribution of the zwitterionic and 

neutral unionized tautomers for the tautomerization of amino acids, various 

amino acid derivatives are required. The synthesis of these amino acid 

derivatives required in the determination of the tautomeric distribution is 

outlined in Scheme 1. 

These amino acid derivatives are synthesized from the non-methylated 

amino acid of interest. Glycine, alanine, valine, leucine, and isoleucine are 

commercially available. The detailed procedure for the synthesis of these 

amino acid derivatives are provided in the Experimental Section. 

N,N-dimethylalanine, N,N-dimethylvaline, N,N-dimethylisoleucine, and 

N,N-dimethylleucine were synthesized by reductive methylation of its 
29 

corresponding amino acid according to a procedure from literature. The 

mechanism for this N,N-dimethylation procedure is illustrate in Scheme 2. 

A 1:2 gram ratio of palladium on activated carbon versus the amino acid of 

interest was used initially but a 1:4 gram ratio was discovered to provide the 

same yield. These N,N-dimethyl amino acids were found to be 

hygroscopic. 

10 



(CH3)2NCHCOOEt HCl (CH3)2NHCHCOOEt CI 

(b) 

R 
Ester 

|(a) 

HsNCHCOOEt 

R 
A 
(d) 

H3NCHC00Et Cf 

R 

H2NCHCOOH 

(a) 

R 
EsterHCI 

( C H 3 ) 2 N [ : H C 0 0 H > (CH3)2NHCHCOOH CI 

R 
Amino Acid 

(c) 

(CH3)3NCHCOO' 

R 
Betaine 

R 

HCl (CH3)3NCHCOOH CI 

R 
BetaineHCl 

(a) 95% Eton, formaldehyde soln., Pd/C, H2 (b) Absolute EtOH, HCl gas, reflux 
(c) NaOH, absolute EtoH, CH3I, Ag20 (d) Neutralization, ether extraction 

Scheme 1 
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^sa »»«**°'"«'«iiHniiMinMn'irirBî ^ MiiiiitijiiiiiiiiiiiiiiiTiiiinf-nMiTiTiw lin i-I-MM "I •t-T-ri-TniT--- MITIT 

o H 
I 

H0CCHN'=5= 
I 1 
R H 

-»^c=o O H H 
ir II I, I . P.T. 

= = ^ HOCCH>F-C-0 ^ 
I 
R H H 

O H H 
- I I 1 , 1 
OCCH>F- C - OH 

I I I 
R H H 

P.T. 

r 
O H H 

.11 1 , 1 Pd/C,H2 
OCCH>f-C-H ^ 

I I I 
R H H 

O H 
.11 + 1 -H2O 
OCCHNF C .. 

I I I 
R H H 

O Vf\/H _ II .0^ I I +/i 
O C C H N - C - O , 

I I I \ H 

R H H 

P.T. 

r 
O H 

HOCCHN:'=^ 
I I 
R CH3 

- * ^ C = 0 O H H 
HK II I, I . P.T. 

= ^ Hoccmf-c-o ^ 
I I I 
R CH3H 

O H H 
.11 1 , 1 
OCCH>?-C-OH 

I I I 
R CH3H 

P.T. 

O H H 
.11 1+ I 
O C C H N - C - H = i 

I I I 
R CH3H 

O H 
Pd/C,H2 .11 + 1 

= ^ = OCCHN=C 
I I I 
R CH3H 

•H2O ^ - l A " f \ / H 
O C C H I N H - C - 0 

I I I \ 
R CH3H 

H 

P.T. = Proton transfer 

Scheme 2 

Trimethylation was attempted from the treatment of an undimethylated 

amino acid with 4 mole equivalence iodomethane addition. The NMR 

spectrum of the product for this particular reaction suggested a mixture of 

monomethylated and dimethylated amino acid. A single NMR peak 

integrated for 9 hydrogens in the case of a N,N,N-trimethylated product was 

not observed. The difficulty in adding the third methyl group to form the 

N,N,N trimethylated product stems from steric effects of the dimethyl 

12 



group. Therefore, formation of a mixture of monomethylated and 

dimethylated product was favored over the production of trimethylated 

product. 

The synthesis for a N,N,N-trimethylated amino acid requires the addition 

of sodium hydroxide and iodomethane to the N,N-dimethylamino acid of 

interest in absolute ethanol. Upon addition of silver oxide to this mixture, 

the production of silver iodide was observed as an off-white precipitate. 

The formation of silver iodide causes the methyl group of methyl iodide to 

become more electrophilic. An increased electrophilicity of the methyl 

group favored the methyl addition to the sterically hindered, dimethylated 

nitrogen of the starting dimethyl amino acid to form the trimethy 1 amino 

acid. Precipitation of silver iodide also shifts the reaction equilibrium in 

favor of producing the trimethylamino acid. N,N,N-trimethylglycine, 

N,N,N-trimethylalanine, N,N,N-trimethylvaline, N,N,N-trimethylleucine, 

and N,N,N-trimethylisoleucine were found to be hygroscopic. 

Synthesis of N,N-dimethyl amino acid ethyl ester resulted in low 

quantity due to insufficient amount of amino acid ethyl ester as a starting 

material. Amino acid ethyl ester is obtained from the neutralization of the 

amino acid ethyl ester HCl salt followed by extraction with diethyl ether. In 

the extraction step, the neutralized amino acid ethyl ester was found to be 

soluble in the aqueous phase as well as the ether phase. The soluble amino 

acid ethyl ester in the aqueous phase remained in the aqueous layer, which 

reduced the yield of the amino acid ethyl ester in the ether extraction step. 

Minimal amount of water was used in the neutralization step of amino acid 

ethyl ester HCl by NaOH to reduce the aqueous layer in the extraction step 

in hope of forcing the amino acid ethyl ester into the ether layer. 

13 



Unfortunately, the yield for amino acid ethyl ester remained low and 

consequently affecting the quantity of N,N-dimethyl amino acid ethyl ester. 

Determination of zwitterion percentage in D2O and CD3CN 

The zwitterion percentage of different N,N-dimethyl amino acids in D2O 

and CD3CN are tabulated in Tables 2 and 4, respectively. 

The study of the tautomerization of non-methylated amino acid is desired 

but non-methylated amino acids are not very soluble in many solvents and 

N,N-dimethyl amino acids are very soluble in most solvents. Molecules of 

non-methylated amino acid in the crystalline state has the capability of 

forming intermolecular hydrogen bonds (Figure 6). 

1 

I 

-—H—> 

L 
I 

1 

1 1 : 1 

^ 0 
Ii 

4—CHC-
1 

1 

-0 

~i r 

H O 
+ 

H—N—CHC—O 

H R 

Figure 6. Hydrogen Bond Formation in the Crystalline State of Amino 
Acids. 

In order to solvate the crystalline non-methylated amino acid molecules, 

a number of hydrogen bonds must be broken to allow interaction between 

the solvent and the solute. In the case of crystalline N,N-dimethylated 

amino acids, hydrogen bond formation with the N,N-dimethyl groups is not 

as favorable as those of unmethylated amino acids. Hence, fewer 

14 



intermolecular hydrogen bonds are formed in the crystalline state for N,N-

dimethyl amino acids relative to molecules of non-methylated amino acids 

in crystalline form. N,N-dimethylamino acid are more soluble than amino 

acids because less energy is required to disrupt the fewer intermolecular 

hydrogen bonds of N,N-dimethylamino acids. This energy to disrupt the 

fewer intermolecular hydrogen bonds is compensated by the energy gained 

upon solvation of these zwitterions by the solvent. For unmethylated amino 

acids, which has more hydrogen bonds in the crystalline state than N,N-

dimethylamino acids, more energy is required to disrupt the intermolecular 

hydrogen bonds and this energy is not compensated upon solvation of these 

zwitterions by the solvent. The increase in energy to disrupt intermolecular 

hydrogen bonds for unmethylated amino acid can be observed by 

comparing the melting points of N,N-dimethylated and unmethylated amino 

acids. The melting point for crystalline N,N-dimethyl amino acids are 

found to be lower than that of crystalline non-methylated amino acid. The 

difference in melting point between crystalline N,N-dimethylated and 

crystalline non-methylated amino acid is observed in Table 1. 

Table 1. Melting Points for N,N-Dimethylated and Non-Methylated Amino 
Acids. 

Names of 
Amino Acid 

L-alanine 
L-leucine 
L-isoleucine 
L-valine 

Non 
Melting Point of the 

-Methylated Amino Acids 
(Celsius) 

314.5 
>300 
288 

>295 

N,N-
Melting Point of the 

-Dimethylated Amino Acids 
(Celsius) 

195-196 
219-220 
203-206 
165-166 

15 



According to Table 1, the melting points of N,N-dimethylated amino 

acids are much lower than those of non-methylated amino acids by 

approximately 100 degree Celsius. Lower melting points suggest a lower 

amount of heat energy is necessary to disrupt the hydrogen bonds in the 

crystalline state. Due to enhanced solubility of N,N-dimethylated amino 

acids over non-methylated amino acids, N,N-dimethylated amino acids are 

used in this study to gain a better description of chemical properties of 

amino acid from substituent effects in different solvents. 

Determination of tautomeric distribution for the tautomerization of N,N-

dimethyl amino acids can prove to be difficult with a single NMR spectrum 

for the desired N,N-dimethyl amino acid. The tautomerization of N,N-

dimethyl amino acid is illustrated in Figure 7. 

CH3 O 
KD 

CH3 N CH2CO ^ 

H 

CH3 O 

=^ CH3 N CH2COH 

Figure 7. Tautomerization of N,N-Dimethyl Amino Acids. 

If the tautomeric equilibrium reaction were slow, NMR spectroscopy can 

detect representafive signals for each of the tautomer and the ratio of the 

areas under signals will provide the tautomeric distribufion in equilibrium. 

These representative signals for slow tautomeric equilibrium reactions are 

16 



illustrated as signal R for zwitterion and signal Y for neutral unionized 

tautomer in Figure 8. 

X 

R 

A 
Figure 8. Representative NMR signals for Slow and Fast Tautomeric 

Equilibrium Reactions. 

The equilibrium for the tautomerization of N,N-dimethyl amino acid was 

found to be too rapid for the NMR time scale to individually detect a 

representative peak (signal R) of the hydrogens on the N,N-dimethyl group 

for the zwitterion and a representative peak (signal Y) of the hydrogens on 

the N,N-dimethyl group for the neutral unionized tautomer. This rapid 

tautomeric equilibrium causes the NMR to detect only one time-averaged 

representative peak for both the zwitterion and the neutral unionized 

tautomer. This time-averaged peak is represented as Signal X in Figure 8. 

Therefore, acquiring a ratio from a single time-averaged peak to determine 

the tautomeric distribution poses as a problem. 

To determine the percentage of zwitterion versus unionized tautomer, a 
30 

formula (equafion 1) proposed by Hughes et al. was used in this study. 
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percent of zwitterion = (x-y)/[[a-(b-c)]-y] (1) 

x = NMR chemical shift of neutral N,N-dimethyl amino acid 

y = NMR chemical shift of N,N-dimethyl amino acid ethyl ester 

a = NMR chemical shift of N,N-dimethyl amino acid ethyl ester HCl 

b = NMR chemical shift of N,N,N-trimethyl amino acid HCl 

c = NMR chemical shift of N,N,N-trimethyl amino acid inner salt 

Equation 1 utilizes chemical shifts of the dimethyl hydrogens of different 

amino acid derivatives to locate signals R, X, and Y from Figure 8 in the 

determination of zwitterion percentage. The numerator in equation 1 

represents the fraction of zwitterion in equilibrium while the denominator 

corresponds to the total distribution of zwitterion and neutral unionized 

tautomer in equilibrium. From Figure 8, the difference in chemical shift of 

the time averaged signal representing both the zwitterionic and neutral 

unionized tautomer (signal X) and the signal which represents only the 

neutral unionized tautomer (signal Y) provides the fraction of zwitterion 

present in the amino acid tautomeric equilibrium reaction. The amino acid 

derivative used to locate the fime averaged peak (signal X) of the zwitterion 

and the neutral unionized tautomer is N,N-dimethyl amino acid. The use of 

N,N-dimethylamino acid to locate the time averaged peak is reasonable 

since the NMR peak for the N,N-dimethyl group of the N,N-dimethyl amino 

acid is contributed from the zwitterion and the neutral unionized tautomer. 

The amino acid derivative utilized to describe the signal for the neutral 

unionized tautomer (signal Y) is the N,N-dimethyl amino acid ethyl ester. 
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The use of the chemical shift of the N,N-dimethyl group of N,N-dimethyl 

amino acid ethyl ester to represent the signal for the neutral unionized 

tautomer is appropriate since the formation of the zwitterion is not possible 

for N,N-dimethyl amino acid ethyl ester. 

The total distribution of zwitterion and neutral unionized tautomer is 

represented by the difference in chemical shift of the N,N-dimethyl peak 

which defines only the zwitterion (signal R) and the peak which represents 

only the neutral unionized tautomer (signal Y). Three amino acid 

derivatives were necessary to correcfly describe peak R as the N,N-dimethyl 

peak for the zwitterion tautomer. The three amino acid derivatives are N,N-

dimethyl amino acid ethyl ester HCl, N,N,N-trimethyl amino acid HCl, and 

N,N,N-trimethyl amino acid inner salt. The N,N-dimethyl amino acid ethyl 

ester HCl resembles that of the zwitterionic tautomer but the presence of the 

chloride ion and the ethyl ester moiety needs to be corrected in order to 

appropriately representing the zwitterion. These effects of the chloride ion 

and the ethyl ester moiety were corrected by the difference in chemical shift 

of N,N,N-trimethyl amino acid HCl and N,N,N-trimethyl amino acid inner 

salt (b-c in equation 1). The chemical shift of the N,N-dimethyl group 

affected by the introducfion of a single methyl group to form the trimethyl 

moiety is corrected by subtracting the trimethylated amino acid derivative 

chemical shift (b-c from equation 1) from the non-trimethylated amino acid 

derivative chemical shift (a from equation 1). 

With the chemical shifts of these amino acid derivatives, the percent of 

zwitterion can be determined by dividing the fraction of the zwitterion (x-y 

from equation 1) by the total distribution of the zwitterion and neutral 

unionized tautomer ([a-(b-c)]-y). 
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Chemical shifts for the N,N-dimethyl amino acid derivatives (x, y, a, b, 

and c) for glycine, alanine, valine, leucine, and isoleucine and percent 

zwitterion in D2O are tabulated in Table 2. 

Table 2. NMR Chemical Shift of Amino Methyl Groups of Ethyl Ester and 
Betaine Derivatives of N,N-Dimethyl Amino Acids and Percent of 
Zwitterion in D2O. 

R 

H 

CH3 

/-C4H9 

/-C3H7 

sec-C^Hg 

Amino Acid 
X 

2.73 

2.65 

2.66 

2.68 

2.65 

Ester 

y 

2.09 

2.08 

2.07 

2.70 

2.73 

EsterHCI 
a 

2.81 

2.74 

2.74 

2.73 

2.65 

Betaine 
b 

3.07 

3.00 

2.99 

3.05 

3.07 

BetaineHCl 
c 

3.11 

3.06 

3.00 

3.11 

3.12 

% Zwitterion 1 

94 

95 

89 

67 

62 

1 Calculated from Equation 1. 

The results in Table 2 describe the tautomerization of N,N-dimethyl 

amino acids. From Table 2, the percentages of zwitterion were found to 

generally decrease as the size of the R group of the N,N-dimethyI amino 

acid increases except for N,N-dimethyl alanine. The percent of zwitterion 

for N,N-dimethyl alanine was found to be greater than that for N,N-

dimethyl glycine. Larger R groups are able to provide stabilization of the 

dipolar charges via polarization effect but this effect is overcome by the 

destablization of steric effect from the larger R group according to the 

experimental data. For N,N-dimethylalanine where R is a methyl group, the 

stabilization of the zwitterion by polarization effect overcomes the 

destabilizing steric effect of the R group compared to hydrogen for N,N-
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dimethyl glycine. This polarization effect provided by the methyl R group 

of N,N-dimethylalanine explains the higher percentage of zwitterion for 

N,N-dimethylalanine over N,N-dimethyl glycine found in Table 2. As the R 

group increases from the methyl R group of N,N-dimethylalanine, the lower 

zwitterion percentage for amino acids with larger R group (Table 2) suggest 

the steric effects of larger R group overcomes the stabilization of the 

zwitterion achieved by polarization effect from the R group. Overall, a 

general trend is observed between the percent of zwitterion and the R group 

of the N,N-dimethyl amino acid. 

The results from this D2O study can be applied to the analysis of amino 

acid tautomerization in H2O since the properties of D2O and H2O are very 

similar in terms of dielectric constant 8, dipole moment \i, and 

polarizability. These properties of H2O are listed in Table 3. 

Table 3. Properties of H2O and CH3CN. 

Properties H2O CH3CN 

37.5 

3.44 

4.41 

0.19 

0.31 

Dielectric constant is defined as the measure of strength reduction of a 

charged particle by a solvent compared to the strength reduction in a 

vacuum. Ionic substances present in a solvent with a dielectric constant 

below 15 has a tendency to become highly associated. H2O has a rather 

high dielectric constant of 78.5.̂ ^ H2O is capable of solvating ionic 
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Dielectric Constant S 

Dipole Moment \x (debyes) 

Polarizability (cm^ x lÔ *̂) 
Acidity parameter, a 

Basicity parameter, P 

78.5 

1.84 

1.48 
1.17 

0.50 



substances, such as the zwitterion, in solution to prevent the intermolecular 

association of ionic charges. Hence, the ionic charges are stabilized by 

H2O. 

Besides the capability of stabilizing ionic charges by solvation, H2O also 

stabilizes the unionize neutral tautomer and zwitterion via hydrogen 

bonding. The stabilization of the unionized neutral tautomer and zwitterion 

via hydrogen bonding is illustrated in Figure 9 and Figure 10, respectively. 

H - O 
i 

H 

H3C,, 

H3C 

O - H 
i 
H 

V 
^ NCHCOH---Q 

/ 

\ 

H 

H 

R 

Figure 9. Hydrogen Bonding of Unionized Neutral Tautomer by H2O. 
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H3Q ^ . 6 

H3C—^ NCHC.:' 

R 
H-O 

I 
H 

P^ 

H \ 

H / 
O 

H \ 

H / 
O 

Figure 10. Hydrogen Bonding of Zwitterion by H2O. 

From analysis of Figure 9 and Figure 10, all modes of hydrogen bonding 

between the zwitterion and the neutral unionized tautomer are different. For 

instance, hydrogen bonding for the carboxylic acid moiety of the neutral 

unionized tautomer is different from hydrogen bonding for the carboxylate 

anion moiety for zwitterion. The presence of a negative charge on the 

carboxylate anion affects the strength of the hydrogen bond. The different 

modes of hydrogen bonding in the stabilization of amino acids are related to 
32 

the a and (3 parameters of the Kamlet-Taft expression (Equation 2) that 

describes linear free energy relationship (LFER). 
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XYZ = XYZo + a-a + b-\^ + s-n* + ... (2) 

XYZo, a, b, and s = solvent independent coefficients 

a = hydrogen bond donation ability of the solvent 

P = hydrogen bond acceptance ability of the solvent 

71* = polarity / polarizability parameter 

The description of LFER by the Kamlet-Taft expression relates chemical 

properties such as polarity and hydrogen bond formation to processes in 

solution such as solubility, a and p are solvatochromic properties of the 

solvent, a is the hydrogen bond donation ability of the solvent whereas P is 

the hydrogen bond acceptance ability of the solvent. H2O has a greater 

hydrogen bond donation ability (a value of 1.17) than its hydrogen bond 

acceptance ability (p value of 0.50)."̂ ^ The a and p values for H2O are 

expected to be slightly different for D2O. The fact that D2O is the weak 

conjugate base of D30"̂  and D30'̂  is a stronger acid than HsO"̂ , D2O is 

concluded to be a weaker base than H2O. Therefore, the P values for D2O is 

expected to be slightly lower than that of H2O. In terms of the relative a 

value between D2O and H2O, the strength of the O-H and 0-D bond could 

be examined. 0-D bonds require more energy to be broken than O-H 

bonds. Therefore, the hydrogen on the O-H bond is concluded to be more 

acidic than the deuterium on the 0-D bond. Thus, it is reasonable to expect 

a larger a value for H2O than D2O. In spite of the slight differences of a 

and p values between D2O and H2O, the a and p values for H2O can be used 
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to provide an relative indication of the hydrogen bond acceptance and donor 

ability of D2O. 

The percentage of zwitterion for N,N-dimethyl amino acids in CD3CN 

was also examined. The properties of CD3CN should be similar to CH3CN 

in terms of dielectric constant, dipole moment, and polarizability. The 

properties of CH3CN are listed in Table 3. 

The pertinent NMR chemical shifts (variable x, y, a, b, and c from 

equation 1) and the percentage of zwitterion for N,N-dimethyl amino acids 

in CD3CN were listed in Table 4. 

Table 4. NMR Chemical Shift of Amino Methyl Groups of Ethyl Ester and 
Betaine Derivafives of N,N-Dimethyl Amino Acids and Percent of 
Zwitterion in CD3CN. 

R 

H 

CH3 

/-C4H9 

/-C3H7 

sec-C4Ug 

Amino Acid 
X 

2.70 

2.67 

2.60 

2.64 

2.58 

Ester 

y 

2.25 

2.23 

2.22 

2.66 

2.60 

EsterHCI 
a 

2.84 

2.79 

2.75 

2.54 

2.49 

Betaine 
c 

3.15 

3.15 

3.13 

3.18 

3.15 

Betaine-HCl 
b 

3.18 

3.19 

3.16 

3.26 

3.26 

% Zwitterion 1 

80 

85 

76 

10 

9 

1 Calculated from Equafion 1. 

Similar to the results obtained from the studies in D2O, the percent of 

zwitterion for N,N-dimethyl amino acids in CD3CN generally increased as 

the size of the R group decreased with the excepfion of N,N-dimethyl 

alanine. This general trend suggest that CD3CN is capable of stabilizing the 
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dipolar charges of the zwitterion and this capability is enhanced as the size 

of the R group decreases. In the case of N,N-dimethylalanine, the greater 

zwitterion percentage for N,N-dimethylalanine over N,N-dimethylglycine is 

explained by the zwitterion stability gained from polarization effect over the 

zwitterion destabilization of larger R groups. This contribufion of 

polarization effect for N,N-dimethylalanine in CD3CN is similar to the N,N-

dimethylalanine results observe in the previous D2O study. 

In both studies of tautomeric equilibrium of amino acids in D2O and 

CD3CN, the smaller R groups on the N,N-dimethylamino acid allow more 

space for the solvent to interact closely with the charges on the zwitterion. 

As a result of this close interaction between the solvent and the charges of 

the zwitterion, the zwitterion form with the smaller R group is solvated and 

stabilized by the solvent much better than that of a larger R group. An 

example of this enhanced stabilization was observed as the percent 

zwitterion was compared among N,N-dimethylamino acid with different 

size R groups. Since N,N-dimethylglycine has a small R group of 

hydrogen, solvents such as D2O can interact closely with the dipolar 

zwitterion charges without encountering steric problems from the hydrogen. 

Another contribution from the smaller R groups in solvent stabilizafion 

of the zwitterion is related to the dipolar charges of the zwitterion. Due to 

the proximity of the positive and negative charge between a methylene unit 

of the zwitterion, an electric field is created between these charges. To 

achieve effecfive solvation of the zwitterion, solvent molecules must move 

into this field to solvate the zwitterion.̂ "* The smaller R group allows the 

solvent to penetrate this electric field more readily than the presence of a 

larger R group in terms of steric effect in stabilizafion of the zwitterion. 
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The size of the R group also affects the intramolecular hydrogen bonding 

for dimethyl amino acid zwitterions. Formation of intramolecular hydrogen 

bonds has been observed for amino acids such as glycine,^^' ^̂  alanine,^^' ^̂  

and cysteine for the eclipsed conformer (Figure 11). 

Figure 11. Eclipsed Conformafion for Intramolecular Hydrogen Bonding 
in Amino Acid Zwitterions. 

In N,N-dimethyl amino acids, it is reasonable to encounter steric effects 

between R3 and the N,N-dimethyl groups. To relieve such steric effect, 

rotation about the nitrogen-a carbon bond occurs. The change in 

conformation due to steric effect is commonly known. This rotation to 

relieve the steric effect will disrupt the intramolecular hydrogen bond and 

destabilize the dimethyl amino acid zwitterion. The stabilizafion of the 

dimethyl amino acid zwitterion by intramolecular hydrogen bonding is 

expected to be more pronouced in aprotic solvents than in protic solvents. 

In aprotic solvents with no acidic hydrogens, the intermolecular hydrogen 

bonding capability of aprotic solvents with solute is decreased relative to 

the intermolecular hydrogen bond capability of profic solvents with acidic 

hydrogens. The stability of the dimethyl amino acid zwitterion is gained by 
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hydrogen bonding intramolecularly than intermolecularly with aprotic 

solvents, such as CD3CN. The steric effect of the R group on 

intramolecular hydrogen bonding was observed for N,N-dimethylvaline and 

N,N-dimethylleucine in determining the percent of zwitterion in CD3CN. 

The percent of zwitterion for N,N-dimethylvaline and N,N-dimethylleucine 

in CD3CN was noticeably lower than that of other N,N-dimethylamino acid 

with smaller R group used in this study. Because CD3CN is an aprotic 

solvent, contribution of intermolecular hydrogen bonding from the solvent 

in the stabilization of the dimethylamino acid zwitterion is minimal. As a 

result, intramolecular hydrogen bonding stabilization becomes an important 

factor in stabilization of the zwitterion. In addition, the stabilization via 

intramolecular hydrogen bonding of the N,N-dimethylvaline zwitterion and 

N,N-dimethylleucine zwitterion was also minimized since the R group for 

N,N-dimethylvaline and N,N-dimethylleucine are bulky compared to the 

other N,N-dimethylamino acid used in this study. Therefore, the low 

percent of zwitterion for N,N-dimethylleucine and N,N-dimethylvaline is 

attributed from the minimal hydrogen bond capability of CD3CN and the 

steric effect that disrupted the formafion of intramolecular hydrogen bond in 

the stabilization of the zwitterion. 

The percent of zwitterion in CD3CN was found consistenfiy lower than 

the percent of zwitterion in D2O for the same N,N-dimethyl amino acids. 

This observation is explained by the difference in polarities and hydrogen 

bonding capabilities between CD3CN and DjO. CH3CN has a dielecfric 

constant of 37.5, which is smaller than that of H2O. The more polar 

characterisfic of D2O enables D2O to solvate the dipolar charges of the 

zwitterion more effectively than a less polar solvent such as CD3CN. 
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The relative stabilizafion of the zwitterion by D2O and CD3CN provided 

by hydrogen bonds can be compared by examining the difference of a and p 

values for HjO and CH3CN. The a and p values for CD3CN and CH3CN 

are expected to be slightly different for the same reasoning provided 

previously for a and P values for D2O and H2O. The comparison between 

a and p values for H2O and CH3CN provides a relative indication of 

hydrogen bond acceptance and donor abilities between D2O and CD3CN. 

The a value for CH3CN (0.19) was found to be significantly lesser than that 

for H2O (1.17) by 0.98. The reason for the low a value of CH3CN stems 

from its characteristic as an aprotic solvent. By examining the P values 

between CH3CN and H2O, P was greater for H2O (0.50) than CH3CN (0.31) 

by 0.19. These a differences and P differences clearly suggest that the 

hydrogen acceptance ability of H2O has the greatest influence in hydrogen 

bonding for the stabilization of the zwitterion. Hence, the significant 

contribution of hydrogen bonds from H2O in contrast with CH3CN in 

solvating the zwitterion accounts for the higher percent of zwitterion 

resulted from studies with H2O relafive to the studies with CH3CN. 

Computafional Results and Discussion 

The relative energies of neutral unionized tautomer and zwitterion for 

different amino acids were invesfigated. The difference in energies between 

the neutral unionized tautomer and zwitterion provides information on the 

magnitude of the tautomeric equilibrium for different substituted amino 

acids. It is important to note that the energies obtained from computational 

studies does not equal the energy of the molecule. The computed energies 
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are correctly utilized only in comparison with other computed energies. 

Therefore, computed energies are known to be relative terms. The model 

used in this study is based on the proton transfer between formic acid and 

ammonia. This proton transfer reaction is illustrated in Figure 12. 

O O 
KD + HCOH + NH3 ^ HCO NH4 

Representative of Representative of 
Neutral Unionized Tautomer Model Zwitterion Mode 

Figure 12. Proton Transfer Between Formic Acid and Ammonia. 

The neutral ionized form from this proton transfer reaction provides a 

model for the amino acid zwitterion while the neutral unionized form 

models the neutral unionized amino acid tautomer. 

The model of the neutral unionized tautomer and the zwitterion were 

obtained from calculations with Spartan and Gaussian 92. The neutral 

unionized tautomer and the zwitterion model were geometrically optimized 

to obtain the most favorable conformer. The computer used in these 

calculations is a Silicon Graphics 4D/35 workstation. The Hartree-Fock 

(HF) method was employed in these molecular modeling calculations. The 

various basis set applied were ST0-3G, 3-21G*, and 6-311++G**. 

Molecular Modeling via Spartan 

Molecular modeling of the unionized neutral tautomer and the zwitterion 

via Spartan was investigated. The usage of the Spartan program to model 

molecules is menu-oriented. The architecture of the Spartan program 

provides extraordinary graphics for visualizing the structure of the molecule 
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being modeled. The structure of the molecule used to model the neutral 

unionized tautomer and the zwitterion submitted for geometric optimization 

is illustrated in Figure 13. 

. O y 
R 4̂ il 
^4 al a2 a3 /-[l 

R2 > - - - - • H f - ^ - o r ^ R 

N~H distance (varied) 

N—O distance (constant) 

Figure 13. Structure of Unionized Neutral Tautomer for Molecular 
Modeling. 

These calculations were performed in gas phase (dielectric constant = 0). 

The angle, a2, was constrainted at 180 degrees. The N ~ 0 distance was 

maintained at a constant length while the N~H distance was varied. 

Geometric optimization was performed at each variation of N~H distance. 

The movement of the hydrogen between the N ~ 0 distance in this model 

represents the proton transfer (Fig. 12) to form the model of the amino acid 

tautomers. As the hydrogen moves toward the oxygen, the unionized 

neutral tautomer is represented (Fig. 12). The zwitterionic tautomer (Fig. 

12) is represented as the hydrogen moves toward the nitrogen. For the sake 

of discussion, this model is refer to as the "constant N-O distance model." 
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A potential energy curve is obtained by plotting the optimized energies 

on the y-axis versus the corresponding N~H distance. On this potential 

energy surface, the zwitterion and the unionized neutral tautomer were 

expected to represent individual minimas. Computafional results using this 

model suggested Spartan had difficulties in maintaining the N ~ 0 distance 

and the angle, a2, constant as the N~H distance varied. An example which 

illustrates this problem of maintaining N-O distance and a2 constant is 

observed from the model with N-O distance of 3.4 angstrom at HF/3-21G*. 

The data from this model are tabulated in Table 5. 

Table 5. Data from the Spartan Calculation for the "Constant N-O Distance 
Model." 

a2 
(degrees) 

179.865 
179.988 
179.836 
179.755 
179.898 
179.887 
179.912 
179.943 
179.958 
179.757 
179.930 
179.933 

N-O distance 
(Angstrom) 

3.385 
3.400 
3.387 
3.388 
3.399 
3.394 
3.396 
3.397 
3.400 
3.409 
3.402 
3.406 

N-H distance 
(Angstrom) 

0.818 
1.000 
1.209 
1.407 
1.603 
1.805 
2.001 
2.191 
2.387 
2.581 
2.782 
2.989 

According to the data from Table 5, comparison between structures with 

different N~H distance was not achieved due to inconsistency of the N ~ 0 

distance. 
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Molecular Modeling via Gaussian 92 

The exact molecular structures previously mentioned with identical 

constaints from the Spartan calculations were performed with Gaussian 92. 

Gaussian 92 was found to be capable of maintaining the N ~ 0 distance 

constant. Unlike Spartan, which is menu-oriented for building the molecule 

for calculation, a Z-matrix was required for Gaussian 92 to describe the 

orientation of atoms in space for each model. A sample Z matrix for the 

molecule from Figure 13 is illustrated in Figure 14. 

01 

c 
0 1 cdo 
O 1 CO 2 aO 
H 3 oh 1 a3 2 dal 
N4nhl 3a2 1dal5 
H5nh2 4 a l 3 d a l 7 
H 5 nh3 4 a5 3 da2 
H 5 nh4 4 a6 3 da3 
H 1 ch 3 a7 2 da4 

Figure 14. Example of a Z-Matrix to Define Atoms in Space for 
Gaussian 92 Calculafions. 

The first line in the Z-matrix defines the charge and mulfiplicity of the 

molecule. A blank line is used to separate the charge and mulfiplicity from 

the bulk of the Z-matrix. Each line in the bulk Z-mafrix follows a pattern of 

"atom-attachment to-distance-attachment to-angle~attachment t o -

dihedral angle." The first column defines the atom of interest. The second 

column defines which atom is bonded next and the third column defines the 

distance form by these two atoms. The fourth column defines the 

attachment of the third atom while the fifth column identifies the angle form 
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from these three atoms. The sixth column defines the attachment of the 

fourth atom and the seventh column corresponds to the dihedral angle form 

from these four atoms. The Z-matrix defines the atoms is space relafive to 

other atoms. Gaussian 92 requires the construction of the Z-matrix to 

identify the molecule submitted for computations. 

Five different sets of geometrically optimized calculation were 

performed in gas phase with a N - O distance of 2.8, 3.4, 3.6, 4.0, and 5.0 

angstrom. The level of theory employed in these calculations was Hartree-

Fock (HF) with ST0-3G as the basis set. The set of data calculated for N -

O distance of 2.8 angstrom with different N-H distance is listed in Table 6. 

The unit of energy is reported in Hartrees. One Hartree is equivalent to 

627.51 kcal per mole. The potential energy curve was obtained from a 

graph of N—H distance versus energy (Figure 15). 

Two minimas were observed on the potential energy surface. The 

minima where the N—H distance equals to 1.0 angstrom on the potential 

energy surface represents the structure for the zwitterion since the hydrogen 

is closer to the nitrogen than to the oxygen. This structure with N—H 

distance equals 1.0 angstrom has an energy of-241.677 hartrees. The 

minima with a N—H distance of 1.8 angstrom corresponds to the structure of 

the unionized neutral tautomer with an energy of-241.690 hartrees.. The 

difference in energy between these two minimas is 0.013 hartrees. This 

potential energy curve has a discontinuity where the N—H distance changes 

from 1.18 to 1.20 angstrom. This discontinuity can be explained by plotting 
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Table 6. Data for Gaussian 92 Calculafions with N-O Distance Equals 2.80 
Angstroms. 

N-H distance 
(Angstroms) 

0.800 
0.900 
1.000 
1.100 
1.150 
1.180 
1.200 
1.300 
1.400 
1.500 
1.600 
1.700 
1.800 
1.900 
2.000 
2.100 
2.200 

Energy 
(Hartrees) 

-241.593 
-241.656 
-241.677 
-241.674 
-241.666 
-241.660 
-241.583 
-241.599 
-241.618 
-241.641 
-241.663 
-241.682 
-241.690 
-241.677 
-241.625 
-241.504 
-241.250 

Angle 1 
(Degrees) 

53.634 
52.711 
52.109 
52.117 
52.220 
52.389 
101.827 
106.018 
107.598 
108.465 
109.058 
109.386 
109.695 
109.922 
110.112 
110.296 
111.352 

Angle 4 
(Degrees) 

106.863 
109.803 
111.713 
111.773 
111.493 
111.004 
93.313 
99.007 

101.709 
103.085 
103.982 
104.806 
105.702 
106.794 
108.245 
110.103 
112.434 

Angle 3 
(Degrees) 

124.682 
124.595 
124.608 
124.683 
124.736 
124.765 
123.963 
124.642 
125.033 
125.126 
125.057 
124.872 
124.647 
124.338 
124.005 
123.641 
123.252 

C-0 Distance 
(Angstroms) 

1.218 
1.218 
1.219 
1.221 
1.222 
1.223 
1.312 
1.329 
1.343 
1.355 
1.363 
1.368 
1.370 
1.369 
1.365 
1.360 
1.354 

C=0 Distance 
(Angstroms) 

1.380 
1.379 
1.378 
1.376 
1.374 
1.374 
1.249 
1.238 
1.231 
1.226 
1.223 
1.220 
1.219 
1.218 
1.217 
1.216 
1.215 

n 

W 

-241.3-

-241.4 -

-241.5 -

-241.6 -

-241.7-

D 

• 

"oW^ ' - e , 0 
, .. , , , , 

NH distance 

Figure 15. Energy versus N-H Distance (N-O Distance = 2.80 
Angstrom). 
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a graph of N-H distance versus C=0 and C-O distance. This is illustrated 

in Figure 16. On this graph of N - H distance versus C=0 and C-O distance, 

the C=0 distance decreased drastically at the same time the C-O distance 

increased rapidly at a N-H distance between 1.18 to 1.20. As N - H 

distance increases, the drastic lengthening of the C=0 bond implicates an 

interaction between Oy and H2. According to Figure 16, this interaction 

causes the discontinuity to occur (Figure 15). 
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Figure 16. C=0 Distance and C-O Distance versus N-H Distance 
(N-O Distance = 2.80 Angstrom). 

A graph of N - H distance versus angles al, a3, and a4 was also utilized 

to explain the discontinuity observed in Figure 15. This N-H distance 

versus al, a3, and a4 graph is illustrated in Figure 17. The interaction 

between Oy and H2 was also implicated from the sudden decrease of angle 1 

as N - H distance decreased according to Figure 17. 
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Figure 17. Angles 1, 3, and 4 versus N-H Distance (N-O Distance = 2.8 
Angstrom). 

This decrease in al allows a closer interacfion between Oy and H2. Due 

to the discontinuity of the potential energy curve, the data for N - O distance 

of 2.80 angstrom was not an appropriate representative of the 

tautomerization of amino acids. A longer N—O distance was used in hope 

to decrease the interaction between Oy and H2. 

The data for a constant N—O distance of 3.4 angstrom was also 

investigated. These data are tabulated in Table 7. The potential energy 

curve from the graph of energy versus N—H distance was also obtained and 

illustrated in Figure 18. This graph exhibits three individual minima. The 

three minimas are located where N-H distance equals 1.60, 1.80, and 2.40 

angstrom. 
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Table 7. Data for Gaussian 92 Calculafions with N-O Distance Equals 3.40 
Angstroms. 

N-H distance 
(Angstroms) 

1.000 
1.200 
1.400 
1.500 
1.600 
1.650 
1.700 
1.750 
1.770 
1.800 
1.850 
1.900 
2.000 
2.100 
2.200 
2.300 
2.400 
2.500 
2.600 
2.800 

Energy 
(Hartrees) 

-241.535 
-241.563 
-241.578 
-241.582 
-241.583 
-241.502 
-241.511 
-241.522 
-241.527 
-241.578 
-241.576 
-241.561 
-241.591 
-241.621 
-241.649 
-241.671 
-241.681 
-241.669 
-241.619 
-241.244 

Angle 1 
(Degrees) 

102.359 
99.719 
97.602 
96.950 
96.589 
107.648 
108.416 
108.753 
108.877 
96.261 
96.107 
109.482 
109.770 
109.253 
108.952 
108.519 
108.333 
108.235 
107.458 
108.155 

Angle 4 
(Degrees) 

67.997 
68.128 
69.560 
70.622 
71.761 
95.334 
97.927 
99.210 
99.593 
74.059 
74.626 
101.234 
102.024 
102.695 
103.360 
104.141 
105.116 
106.362 
107.928 
112.497 

Angle 3 
(Degrees) 

120.894 
114.237 
109.586 
107.716 
105.973 
124.478 
125.017 
125.201 
125.241 
102.761 
102.045 
125.269 
125.153 
125.010 
124.791 
124.557 
124.300 
124.015 
123.696 
123.013 

C-0 Distance 
(Angstroms) 

1.235 
1.214 
1.206 
1.205 
1.206 
1.342 
1.351 
1.357 
1.360 
1.213 
1.216 
1.372 
1.379 
1.382 
1.383 
1.383 
1.381 
1.377 
1.371 
1.357 

C=0 Distance 
(Angstroms) 

1.289 
1.304 
1.320 
1.327 
1.332 
1.232 
1.228 
1.226 
1.225 
1.337 
1.337 
1.220 
1.218 
1.217 
1.216 
1.216 
1.215 
1.215 
1.215 
1.214 
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Figure 18. Energy versus N-H Distance (N-O Distance = 3.4 Angstrom). 
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The minima at 1.80 angstrom is relatively unnoticeable compare to the 

minima at 1.60 and 2.40 angstrom. The minima at 1.60 angstrom has an 

energy of-241.583 hartrees while the minima at 2.40 has a corresponding 

energy of-241.681 hartrees. The energy difference between these two 

minimas is 0.098 hartrees, which is substantially greater than the energy 

difference of minimas in the case of N-O distance equals 2.8 angstrom. 

This substantial energy difference of 0.098 hartrees between the two 

minimas suggest the species at the two minimas are indeed different. 

Unfortunately, discontinuities on the potential energy surface were 

observed. A graph of N-H distance versus C=0 and C-O distance for N ~ 0 

distance of 3.4 was plotted in Figure 19 to explain the discontinuity. Three 

sudden fluctuations between C=0 and C-0 distance were observed from 

this graph which correlates to the points of discontinuity on the potential 

energy curve. This information suggests that the points of discontinuity are 

caused from the interactions between Oy and H2. 
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Figure 19. C=0 and C-0 Distance versus N-H Distance 
(N-O Distance = 3.4 Angstrom) 
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Due to the observed discontinuities on the previous potential energy 

curves, a longer N - O distance of 3.6 angstrom was used to prevent the 

interactions between Oy and H2. The data for N ~ 0 distance of 3.60 

angstrom is listed in Table 8. From these data, the graph of the potential 

energy surface was obtained and illustrated in Figure 20. 

Table 8. Data for Gaussian 92 Calculafions with N-O Distance Equals 3.60 
Angstroms. 

N-H distance 
(Angstroms) 

1.000 
1.200 
1.400 
1.600 
1.700 
1.750 
1.800 
1.830 
1.850 
1.900 
2.000 
2.100 
2.200 
2.300 
2.400 
2.500 
2.600 
2.700 
2.750 
2.770 
2.800 

Energy 
(Hartrees) 

-241.546 
-241.585 
-241.606 
-241.616 
-241.617 
-241.617 
-241.616 
-241.482 
-241.486 
-241.498 
-241.525 
-241.554 
-241.586 
-241.617 
-241.646 
-241.669 
-241.679 
-241.668 
-241.649 
-241.638 
-241.617 

Angle 1 
(Degrees) 

102.347 
99.909 
97.850 
96.310 
95.922 
95.639 
95.454 
108.883 
108.991 
109.249 
109.641 
109.093 
108.762 
108.439 
108.074 
107.323 
107.304 
105.347 
107.484 
105.221 
117.499 

Angle 4 
(Degrees) 

62.071 
62.040 
63.754 
66.308 
67.663 
68.349 
69.029 
97.104 
97.755 
98.909 
100.332 
101.219 
101.913 
102.564 
103.261 
104.068 
105.074 
106.285 
107.060 
107.367 
107.907 

Angle 3 
(Degrees) 

121.856 
117.801 
114.443 
111.029 
109.256 
108.342 
107.426 
124.988 
125.099 
125.241 
125.300 
125.258 
125.110 
124.926 
124.711 
124.469 
124.217 
123.919 
123.802 
123.712 
123.629 

C-0 Distance 
(Angstroms) 

1.228 
1.211 
1.205 
1.204 
1.205 
1.206 
1.207 
1.356 
1.358 
1.364 
1.373 
1.380 
1.384 
1.386 
1.386 
1.385 
1.382 
1.378 
1.375 
1.374 
1.372 

C=0 Distance 
(Angstroms) 

1.293 
1.309 
1.325 
1.338 
1.342 
1.344 
1.346 
1.226 
1.225 
1.223 
1.220 
1.218 
1.217 
1.216 
1.215 
1.215 
1.215 
1.215 
1.215 
1.215 
1.215 
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Figure 20. Energy versus N-H Distance (N-O Distance = 3.6 Angstrom). 

Two minimas were observed on this potential energy curve along with 

one discontinuity. The two minimas are located at N—H distance of 1.70 

and 2.60 angstrom with a corresponding energy of-241.617 and -241.679 

hartrees, respectively. The energy difference between these two minimas is 

0.062 hartrees, which suggest the two species at the minimas are not 

identical. The decreased number of discontinuity on this energy surface in 

comparison with the energy surface from N—O distance of 3.4 angstrom 

suggested a longer N—O distance was worth investigating. 

Calculations with a constant N-O distance of 4.0 was examined. The 

data for this trial are listed in Table 9. The potential energy surface for this 

trial, shown in Figure 21, shows two minima (at N-H equals 1.80 and 3.00 

with an energy difference of 0.018 hartrees) with no apparent 

discontinuities. 
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Table 9. Data for Gaussian 92 Calculafions with N-O Distance Equals 4.00 
Angstroms. 

N-H distance 
(Angstroms) 

1.000 
1.200 
1.400 
1.600 
1.800 
1.900 
2.000 
2.100 
2.200 
2.300 
2.400 
2.500 
2.600 
2.650 
2.700 
2.800 
2.900 
2.950 
3.000 
3.050 
3.100 
3.200 

Energy 
(Hartrees) 

-241.562 
-241.611 
-241.638 
-241.653 
-241.659 
-241.659 
-241.657 
-241.653 
-241.647 
-241.639 
-241.628 
-241.616 
-241.601 
-241.597 
-241.613 
-241.643 
-241.666 
-241.673 
-241.677 
-241.675 
-241.665 
-241.615 

Angle 1 
(Degrees) 

104.184 
102.111 
99.739 
97.640 
95.776 
94.595 
93.647 
92.910 
91.501 
90.442 
88.732 
87.419 
85.634 
121.297 
121.336 
120.152 
120.361 
120.478 
121.451 
121.451 
121.452 
121.443 

Angle 4 
(Degrees) 

50.510 
50.658 
52.795 
55.905 
59.316 
61.028 
62.717 
64.372 
65.965 
67.486 
68.917 
70.253 
71.516 
102.059 
102.390 
103.103 
103.923 
104.397 
104.953 
105.567 
106.249 
107.881 

Angle 3 
(Degrees) 

127.465 
126.857 
125.043 
122.057 
118.340 
116.315 
114.204 
112.026 
109.813 
107.590 
105.400 
103.316 
101.498 
124.892 
124.795 
124.564 
124.326 
124.199 
124.088 
123.950 
123.806 
123.499 

C-0 Distance 
(Angstroms) 

1.230 
1.218 
1.211 
1.209 
1.208 
1.208 
1.209 
1.211 
1.213 
1.215 
1.220 
1.226 
1.235 
1.390 
1.390 
1.389 
1.387 
1.385 
1.384 
1.381 
1.379 
1.373 

C=0 Distance 
(Angstroms) 

1.300 
1.318 
1.335 
1.348 
1.357 
1.360 
1.362 
1.364 
1.365 
1.366 
1.365 
1.362 
1.355 
1.215 
1.215 
1.215 
1.215 
1.215 
1.215 
1.215 
1.215 
1.215 
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Figure 21. Energy versus N-H Distance (N-O Distance = 4.0 Angstrom). 
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The small energy difference between the two minimas also suggest the 

similarity between the two species at the minimas. On the other hand, the 

graph of N - H distance versus C=0 and C-0 distance, shown in Figure 22, 

exhibits a disfinct disconfinuity between N-H distance of 2.60 and 2.65. 

The discontinuity due to sudden lengthening and shortening of the C=0 and 

C-0 distance, respectively, suggests that the interaction between Oy and H2 

still occurs in this model. 
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Figure 22. C=0 and C-0 Distance versus N-H Distance for N-O 
Distance of 4.0 Angstrom. 

This model of a constant N-O distance was fiirther invesfigated with a 

N-O distance of 5.0 angstrom in hope to eliminate the Oy and H2 

interactions. The calculated data and the potenfial energy surface for N - O 

distance of 5.0 angstrom were represented in Table 10 and Figure 23, 

respectively. 
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Table 10. Data for Gaussian 92 Calculafions with N-O Distance Equals 
5.00 Angstroms. 

N-H distance 
(Angstroms) 

1.000 
1.200 
1.400 
1.600 
1.800 
1.900 
2.000 
2.100 
2.200 
2.300 
2.400 
2.600 
2.800 
3.000 
3.200 
3.400 
3.500 
3.600 
3.700 
3.800 
3.900 
4.000 
4.100 
4.200 

Energy 
(Hartrees) 

-241.531 
-241.577 
-241.616 
-241.651 
-241.674 
-241.678 
-241.678 
-241.672 
-241.667 
-241.669 
-241.673 
-241.676 
-241.675 
-241.668 
-241.655 
-241.635 
-241.622 
-241.607 
-241.592 
-241.640 
-241.663 
-241.675 
-241.663 
-241.613 

Angle 1 
(Degrees) 

109.502 
110.976 
110.916 
110.784 
108.767 
107.685 
106.410 
99.518 
106.120 
94.941 
91.411 
82.529 
67.555 
52.688 
41.316 
32.303 
28.540 
25.708 
23.485 
99.258 
99.219 
99.206 
99.203 
94.867 

Angle 4 
(Degrees) 

18.686 
17.117 
16.806 
17.340 
17.926 
18.072 
17.973 
22.077 
30.470 
46.751 
48.938 
53.194 
57.274 
61.109 
64.617 
67.699 
69.061 
70.322 
71.615 

102.980 
103.814 
104.846 
106.150 
107.787 

Angle 3 
(Degrees) 

134.416 
134.623 
132.910 
129.322 
124.884 
122.626 
120.578 
119.903 
120.763 
132.884 
130.553 
125.779 
120.869 
115.895 
110.937 
106.122 
103.863 
101.856 
100.527 
124.389 
124.151 
123.903 
123.637 
123.341 

C-0 Distance 
(Angstroms) 

1.279 
1.286 
1.279 
1.259 
1.234 
1.221 
1.209 
1.204 
1.207 
1.221 
1.219 
1.215 
1.213 
1.213 
1.216 
1.223 
1.229 
1.238 
1.254 
1.391 
1.389 
1.385 
1.380 
1.374 

C=0 Distance 
(Angstroms) 

1.332 
1.379 
1.414 
1.412 
1.392 
1.382 
1.373 
1.376 
1.391 
1.391 
1.388 
1.384 
1.381 
1.380 
1.378 
1.375 
1.371 
1.364 
1.347 
1.214 
1.214 
1.214 
1.214 
1.215 

Three minimas were apparent on the potential energy surface without 

any obvious signs of disconfinuity. These three minimas have a similar 

energy of-241.678, -241.676, and -241.675 hartrees. From a graph of N - H 

distance versus C=0 and C-0 distance illustrated in Figure 24, a sudden 

decrease in C=0 distance along with an increase in C-0 distance between 

N-H distance of 3.70 and 3.80 was observed. 
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Figure 23. Energy versus N-H Distance (N-O Distance = 5.0 Angstrom). 
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Figure 24. C=0 Distance and C-0 Distance versus N-H Distance 
(N-O Distance = 5.0 Angstrom). 
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The discontinuities from these constant N-O distance model implicates 

the interaction between Oy and H2. The movement of Hj toward nitrogen 

initiates the movement of H2 toward Oy. Due to the constraint of a2 (Figure 

13) at 180 degrees, complete movement of H2 toward Oy was not allowed. 

Nonetheless, the implicafion of this movement was suggested from the 

sudden lengthening of C=0 and sudden shortening of C-0 distance. If 

complete interaction between Oy and H2 was allowed as Hj moves toward 

nitrogen, the formation of Oy-H2 bond is expected. The formation of Oy-

H2 bond along with the movement of Hj toward the nitrogen results in the 

same nonionized structure. Since the movement of Hj toward the nitrogen 

results with a positive charge on the nitrogen, gas phase calculation cannot 

stabilize this postive charge. To compensate this lack of charge 

stabilization, the movement of H2 toward Oy was observed in attempt to 

form the nonionized structure. Due to this compensation, only the neutral 

unionized tautomer was found to be represented in these constant N—O 

distance models. These models with a constant N—O distance neglects the 

appropriate representation of the zwitterion in gas phase calculations. 

Due to the poor representation of the zwitterion by the constant N—O 

distance model, a different approach to obtain the difference in energy 

between the zwitterion and the unionized neutral tautomer was proposed. 

From the previous potential energy surface, only one model of constant N-O 

distance was used to determine the two minimas corresponding to the 

zwitterion and the unionized neutral tautomer. Instead of only using one 

model to obtain both minimas, a model of the zwitterion and a model of the 

unionized neutral tautomer was designed separately to represent the two 
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minimas. The difference in energy for the zwitterion model and the 

unionized neutral tautomer model provides information pertaining the 

stability of the tautomers gained from the R group. 

The structure for the unionized neutral tautomer is identical to the 

structure used in the constant N-O distance model (Figure 13), except all 

the angle and bond distance constraints were removed. Since the 

calculafions are performed in gas phase, which favors the unionized neutral 

tautomer, geometric optimizafion will result in a model which appropriately 

represents the unionized neutral tautomer. The data for this model are 

tabulated in Table 11. The calculated energies for the neutral unionized 

tautomer model are real since no negative frequencies were observed in the 

frequency tests. 

Table 11. Data for Gaussian 92 Model of the Neutral Unionized Tautomer. 

R Groups RHF/ST0-3G Energies RHF/6-31 H-i-G** Energies 
(Hartrees) (Hartrees) 

1). R1=R2=R3=H(N) -241.691 -241.055 

2). R2=R3=H, R1=CH3(N) -280.282 -284.112 

3). R1=R3=H, R2=CH3(N) -280.267 

4). R1=H, R2=R3=CH3(N) -318.846 -323.122 

5). R2=H, R1=R3=CH3 (N) -318.859 

6). R1=R2=R3=CH3 (N) 

(N) = Neutral unionized tautomer 
— = unable to converge 

47 



The missing entries in Table 11 are primarily due to the inability to 

converge to a geometrically optimized structure over a period of days by 

Gaussian 92. The molecules submitted for calculation for these missing 

entries are relatively large and require a substantial amount of computer 

time to reach its optimal structure. These data from Table 11 can be used to 

compare with the results from the zwitterion model to determine the effects 

of substituent on the tautomeric equilibrium of amino acids. Two different 

models for the zwitterion were proposed as the "identical C=0 and C-0 

model" and "the complete C2v model." The calculated energies for these 

zwitterion models are real since frequency tests provided no negative 

frequencies. 

The approach for the "idenfical C=0 and C-0 model" originate from the 

structure of a carboxylate anion. From the resonance structure of the 

carboxylate anion, the two C-0 bonds are identical in length. Both C-0 

bonds exhibits some double bond characteristics with partial negative 

charge on both oxygens. Therefore, it is reasonable to expect the length of 

the two C-0 bonds to have a bond length between a C-0 bond and a C=0 

bond. The design of the identical C=0 and C-0 model was to allow the two 

C-0 bonds to geometrically optimize with an identical bond length of n. 

The hydrogen involved in the proton transfer is labeled as Hj. 

The preliminary results calculated at RHF with 6-311++G** and STO-

3G are tabulated in Table 12. 
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s}a5^Mate^Jafe^e ît]3i %mMmm^if^MB^^m?^-

R % ^p4-------------o^ 

RW \I5^2.-.---:-O<^ 

Fi| if i^ro^5T3JSt?iteiel^^rfi^S^^e2v^oila^^ 

The^^^piplgte|:.2sv^^fflei^^o9«ffl%]f%f^^ 

.„49 
49 



RHF/ST0-3G 
RHF/6-311++G* 
MP2/6-311-I-+G** 

1.287 
1.240 
1.269 

data obtained for this model is provided in Table 13. Ri, R2, and R3 (Fig. 

25) in these calculafions are hydrogens. The results from this "complete 

Civ model" study was obtained by using the computer system at the 

Pittsburgh Supercomputing Center. 

Table 13. Data from Computafions by the "Complete C2v Model." 

Level of Theory/Basis Set C-0 Distance N-H j (N-Hj) Distance O-H, (O-H2) Distance 
(Angstrom) (Angstrom) (Angstrom) 

1.197 1.328 
1.047 1.299 
1.094 1.312 

The optimized geometry for these calculation provides a reasonable 

model of the zwitterion where R is hydrogen. Studies of substituent effect 

where R is a methyl group was found ineffective via this model due to the 

problem of maintaining a Civ symmetry with each addition of methyl 

group. 

Modificafion of the "complete Civ model" may provide an appropriate 

model for the zwitterion for invesfigafing subsfituent effects on amino acid 

tautomerizafion. A possible model for the zwitterion to invesfigate in the 

fiiture is a model which allows the six member ring arrangement from the 

"complete Civ model" to maintain a Civ symmetry while the substituents on 

this six member ring arrangement are allowed to geometrically optimize 

with no symmetry constraints. 
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CHAPTER III 

CONCLUSIONS 

From the experimental and the computational results of this study, the 

effects of substituents are shown to play a role in the tautomerization of 

amino acids. Higher percent of zwitterion was observed as the R group of 

the N,N-dimethyl amino acid decreases in size. The smaller R group allows 

solvent molecules to closely interact and stabilize the dipolar charges of the 

zwitterion, which explains the tautomeric equilibrium in favor of the 

zwitterion distribution for N,N-dimethyl amino acid with smaller R groups. 

The zwitterion distribution was also affected by the different solvents 

used in this study (DiO and CD3CN). The percent of zwitterion was found 

to be higher in study performed with D2O than with CD3CN between the 

same N,N-dimethyl amino acid. The greater stabilization of the zwitterion 

observed in DiO was attributed to the enhanced hydrogen bonding 

capability of D2O relative to a aprotic solvent such as CD3CN. 

From the computational studies, the "constant N-O distance model" was 

found to have difficulties in modeling both the zwitterion and the neutral 

unionized tautomer in the gas phase. Separate models for the zwitterion and 

the neutral unionized tautomer were designed to obtain the minima of these 

tautomers on a potential energy curve. The separate model for the neutral 

unionized tautomer was appropriate since no negafive frequencies were 

obtained from frequency tests. The best model for the zwitterion was the 

complete Civ model in this study. Unfortunately, the study of substituent 

effect was not achieved by the "completely Civ model" because addifion of 

substituents on this model breaks the Civ symmetry. 
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The study of tautomerization of amino acids can prove to be important in 

the scientific community. Evidence for the effect of substituent on the 

tautomerization of amino acids is provided in this study. The results 

obtained from this study can fiirther improve the studies of amino acid 

chemistry in the future. 
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CHAPTER IV 

EXPERIMENTAL SECTION 

General Procedures 

Proton magnetic resonance (iH NMR) spectra were taken on an IBM 

AF-200 nuclear magnetic resonance spectrometer. Infared (IR) spectra 

were taken on a Perkin-Elmer 1600 FTIR spectrophotometer with NaCl 

plates. Sample preparations for NMR studies in acetonitrile were performed 

in a glove box under a nitrogen atmosphere. The NMR tubes were kept 

dried in a oven ovemight prior to sample preparations in the glove box. The 

NMR signals were reported in parts per million (ppm) and aligned 

appropriately with the corresponding deuterated solvent. The splitting 

patterns are abbreviated as s, singlet; d, doublet; t, triplet; q, quartet; m, 

multiplet. 

Svnthesis of N.N-Dimethylated Amino Acids 

The amino acid of interest was combined with 37.6% assayed 

formaldehyde solution, palladium on activated carbon, and 95% ethanol in a 

hydrogenator bottle. This mixture was placed on the hydrogenator (55 psi 

of H2 gas) at room temperature for 24 hours. This solution was filtered over 

celite and washed with 95% ethanol to yield a clear filtrate. The solvent 

was evaporated from the filtrate to give the desired N,N-dimethylated amino 

acid. This N,N-dimethylated amino acid was further dried in a vacuum 

oven at 20 torr ovemight. Examination of the NMR and IR spectra from 
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these synthesized N,N-dimethylamino acids suggested further purificafion 

was not necessary. 

N,N-Dimethylglycine (i) 

Glycine (26.7 mmol, 2.0 g) was mixed with 4.2 ml of 37.6%) assayed 

formaldehyde solution, 40ml of 95% ethanol, and 0.5 g of palladium on 

activated carbon in a hydrogenator bottle. A 95%) yield (2.54 g) of N,N-

dimethylglycine was afforded as a white solid with a melting point of 201-

201 °C. This solid was highly hygroscopic. IR 3401 (NH), 1626 (C=0) 

cm-i. iH NMR (DiO): 5 2.73 (s, 6 H), 3.53 (s, 2 H). iH NMR (CD3CN): 5 

2.70(s, 6H),3.31(s,2H). 

N,N-Dimethylalanine (2) 

A mixture of 2.0 g (22.5 mmol) of L-alanine, 3.73 ml of 37.6% assayed 

formaldehyde solufion, 40 ml of 95% ethanol, and 0.5 g of palladium on 

activated carbon were used as starting materials for the synthesis of 2. N,N-

dimethylalanine was isolated (2.06 g, 90.7%) as a flaky, white solid with 

mp 195-196 °C. N,N-dimethylalanine was observed to exhibit a 

hygroscopic characteristic. IR3416(NH), 1620 (C=0) cm-i. iH NMR 

(D2O): 5 1.26-1.29 (d, 3 H), 2.65 (s, 6 H), 3.48-3.53 (q, 1 H). iH NMR 

(CD3CN): 5 1.34-1.37 (d, 3 H), 2.67 (s, 6 H), 3.44-3.51 (q, 1 H). 

N,N-Dimethylvaline (3) 

To 40 ml of 95% ethanol, 2.0g (17.1 mmol) of L-valine, 2.84 ml of 

37.6% assayed formaldehyde solution, and 0.5 g of palladium on acfivated 

carbon were added. N,N-dimethylvaline was obtained (2.3 g, 93.8%) as a 
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white, chalk-like solid with mp 165-166 °C. IR 3396 (NH), 1610 (C=0) 

cm-i. 1HNMR(D20): 5 0.72-0.75 (d, 3 H), 0.84-0.87 (d, 3 H), 2.13 (s, 1 H), 

2.68 (s, 6 H), 3.18-3.20 (d, 1 H). 1HNMR(CD3CN): 5 0.91-0.94 (d, 3 H), 

1.03-1.06 (d, 3 H), 2.07-2.18 (m, 1 H), 2.64 (s, 6 H), 3.09-3.12 (d, 1 H). 

N,N-Dimethylisoleucine (4) 

L-isoleucine (10.3 mmol, 1.4 g) was combined with 1.7 ml of 37.6% 

assayed formaldehyde solution, 0.5 g of 10% palladium on activated 

carbon, and 35 ml 95% ethanol. N,N-dimethylisoleucine (1.71 g) was 

isolated as a white crystalline solid with mp 203-206 °C. IR 3422 (NH), 

1619(C=0)cm-i. iHNMR (DiO): 5 0.69-0.78 (m, 6 H), 1.06-1.30 (m, 2 

H), 1.82-1.85 (m, 1 H), 2.65 (s, 6 H), 3.27-3.29 (d, 1 H). iH NMR (CD3CN): 

5 0.86-0.96 (m, 6 H), 1.20-1.42 (m, 1 H), 1.50-1.72 (m, 1 H), 1.77-1.88 (m, 

1 H), 2.58 (s, 6 H), 3.11-3.14 (d, 1 H). 

N,N-Dimethylleucine (5.) 

To 40 ml of 95% ethanol, 1.5 g (11.5 mmol) of L-leucine, 2.0 ml of 

37.6%) assayed formaldehyde solufion, 0.4 g of 10% palladium on activated 

carbon were combined. N,N-dimethylleucine was obtained (1.68 g, 92.4%)) 

as an off-white solid with mp 219-220 °C. IR 3390 (NH), 1614 (C=0) cm'i. 

iH NMR (DiO): 5 0.72-0.77 (m, 6 H), 1.44-1.52 (m, 3 H), 2.66 (s, 6 H), 

3.31-3.38 (m, 1 H). iHNMR (CD3CN): 5 0.91-0.95 (d, 6 H), 1.24-1.26 (m, 

2 H), 2.60 (s, 6 H), 3.26-3.31 (m, 2 H). 
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Svnthesis of N.N.N-Trimethvlated Amino Acids 
and Their HCl Salts 

N,N,N-trimethylalanine, N,N,N-trimethylvaline, N,N,N-

trimethylisoleucine, and N,N,N-trimethylleucine were synthesized as 

described in literature^' from its N,N-dimethyl amino acid analog. N,N,N-

trimethylglycine (betaine) used in this study was commercially available. 

The N,N-dimethylamino acid of interest was mixed with sodium hydroxide, 

and absolute ethanol in a round bottom flask. The suspension was sfirred 

for 5 minutes at room temperature followed by addition of iodomethane. 

This mixture was refluxed for 5 hours in the presence of a calcium chloride 

tube. This solution was allow to cool to room temperature. Silver oxide was 

introduced to this mixture and left to stir ovemight to give an off-white 

precipitate. This precipitate was removed via vacuum filtration over celite. 

Addition of distilled water was used to wash the precipitate. The filtrate 

was evaporated to give the desired N,N,N-trimethylamino acid. The 

recovered N,N,N-trimethylamino acid was placed in a vacuum oven 

ovemight at 20 torr to insure dryness. The N,N,N-trimethylamino acid HCl 

salt was made by dissolving the corresponding N,N,N-trimethylamino acid 

in distilled water along with dropwise addition of HCl until this sample was 

acidic to litmus paper. The N,N,N-trimethylamino acid HCl salt was dried 

under vacuum overnight. 

N,N,N-Trimethylglycine (6) and its HCl Salt (7) 

N,N,N-trimethylglycine was commercially available. ^H NMR (DiO): 5 

3.07 (s, 9 H), 3.70 (s, 2 H). 1HNMR(CD3CN): 5 3.15 (s, 9 H), 3.51 (s, 2 

H). 
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N,N,N-trimethylglycine HCl salt was prepared by adding HCl to N,N,N-

trimethylglycine until it was acidic to litmus paper. 'H NMR (DiO): 5 3.11 

(s, 9 H), 3.99 (s, 2 H). 'HNMR (CD3CN): 6 3.18 (s, 9 H), 3.79 (s, 2 H). 

N,N,N-Trimethylalanine (8) and its HCl Salt (9) 

A mixture of 0.56 g (4.8 mmol) of N,N-dimethylalanine, 0.22 g (5.4 

mmol) of sodium hydroxide, 5.0 ml of absolute anhydrous ethanol, and 3.0 

ml (48.2 mmol) of iodomethane were used as starting reagents. Silver oxide 

(4.9 mmol, 1.14 g) was added to this mixture after the reflux. A 92%) yield 

for 8 (0.58 g) was obtained. N,N,N-trimethylalanine was isolated as a 

white, hygroscopic solid. IR 3448 (NH), 1618 (C=0) cm'i. iHNMR 

(DiO): 6 1.35-1.40 (d, 3 H), 3.00 (s, 9 H), 3.63-3.67 (q, 1 H). iHNMR 

(CD3CN): 5 1.45-1.51 (d, 3 H), 3.15 (s, 9 H), 3.73-3.82 (q, 1 H). 

N,N,N-trimethylalanine (2.29 mmol, 0.30 g) was utilized in the 

formation of N,N,N-trimethylalanine HCl. This reacfion afforded 0.36 g 

(95%)) of N,N,N-trimethylalanine HCl as a brown, hygroscopic solid. IR 

3417 (NH), 1732 (C=0) cm"!. iHNMR(DiO): 5 1.46-1.49 (d, 3 H), 3.06 (s, 

9 H), 3.87-4.00 (q, 1 H). iH NMR (CD3CN): 5 1.60-1.64 (d, 3 H), 3.19 (s, 9 

H), 4.28-4.33 (q, 1 H). 

N,N,N-Trimethylvaline (iO) and its HCl Salt ( i i ) 

To 5.0 ml of absolute ethanol, 0.54 g (3.7 mmol) of N,N-dimethylvaline, 

0.18 g (4.5 mmol) of sodium hydroxide and 2.0 ml (33.2 mmol) of 

iodomethane were combined in a round bottom flask. Silver oxide (4.5 

mmol, 1.04 g) was combined with this mixture after reflux. A 93% yield 

for iO (0.55 g) was obtained. N,N,N-trimethylvaline was isolated as a white 
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solid with a hygroscopic nature. IR 3440 (NH), 1633 (C=0) cm'i. iH NMR 

(D2O): 5 0.85-0.88 (d, 3 H), 1.02-1.05 (d, 3 H), 2.19-2.21 (m, 1 H), 3.05 (s, 

9 H), 3.41-3.42 (d, 1 H). 1HNMR(CD3CN): 5 0.98-1.01 (d, 3 H), 1.17-

1.20 (d, 3 H), 2.20-2.30 (m, 1 H), 3.18 (s, 9 H), 3.59-3.61 (d, 1 H). 

N,N,N-trimethylvaline HCl was made from 0.25 g (1.57 mmol) of 

N,N,N-trimethylvaline. An eighty flve percent yield (0.26 g) for N,N,N-

trimethylvaline HCl was obtained. N,N,N-trimethyvaline HCl was isolated 

as a brown solid. N,N,N-trimethylvaline HCl was found to be hygroscopic. 

IR 3448 (NH), 1735 (C=0) cm'i. 'H NMR (D2O): 5 0.89-0.92 (d, 3 H), 

1.06-1.10 (d, 3 H), 2.34-2.41 (m, 1 H), 3.11 (s, 9 H), 3.83-3.84 (d, 1 H). iH 

NMR (CD3CN): 6 1.01-1.04 (d, 3 H), 1.20-1.24 (d, 3 H), 2.50-2.63 (m, 1 

H), 3.26 (s, 9 H), 4.19-4.20 (d, 1 H). 

N,N,N-Trimethylisoleucine (i2) and its HCl Salt (H) 

A mixture with 0.53 g (3.3 mmol) of N,N-dimethylisoleucine, 0.18 g (4.4 

mmol) of sodium hydroxide, 2.07 ml (33.2 mmol) of iodomethane, and 5.0 

ml of absolute ethanol was refluxed for 5 hours. Silver oxide (3.5 mmol, 

0.81 g) was introduced to this mixture after the reflux. A ninety one percent 

yield (0.52 g) for i2 was achieved. N,N,N-trimethylisoleucine was isolated 

as a white, hygroscopic solid. IR 3440 (NH), 1625 (C=0) cm-i. iH NMR 

(D2O): 5 0.80-0.90 (m, 6 H), 1.36-1.45 (m, 2 H), 1.90-2.00 (m, 1 H), 3.07 (s, 

9 H), 3.50-3.52 (d, 1 H). 'HNMR (CD3CN): 5 0.91-1.00 (m, 6 H), 1.42-

1.52 (m, 2 H), 2.02-2.12 (m, 1 H), 3.15 (s, 9 H), 3.52-3.62 (d, 1 H). 

N,N,N-trimethylisoleucine (1.16 mmol, 0.20 g) was used to form its 

corresponding HCl salt. A ninety one percent yield for N,N,N-

trimethylisoleucine HCl (0.22 g) was achieved from this reacfion. N,N,N-
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trimethylisoleucine HCl was obtained as a brown, hygroscopic solid. IR 

3420 (NH), 1741 (C=0)cm-i. 'H NMR (DiO): 5 0.71-0.95 (m, 6 H), 1.22-

1.51 (m, 2 H), 1.89-2.11 (m, 1 H), 3.12 (s, 9 H), 3.74-3.82 (d, 1 H). 'H 

NMR (CD3CN): 5 0.97-1.04 (m, 6 H), 1.40-1.73 (m, 2 H), 2.24-2.36 (m, 1 

H), 3.26 (s, 9 H), 4.14-4.15 (d, 1 H). 

N,N,N-Trimethylleucine (i4) and its HCl Salt (i5) 

Iodomethane (36.0 mmol, 2.20 ml) was refluxed with 0.55 g (3.5 mmol) 

of N,N dimethylleucine, 0.16g (4.0 mmol) of sodium hydroxide, and 5.0 ml 

of absolute ethanol for 5 hours. The reflux was followed by the addition of 

1.01 g (4.3 mmol) of silver oxide. This reaction afforded 0.53 g (88%)) of 

i 4 as a white, powdery solid. N,N,N-trimethylleucine was also found to 

exhibit hygroscopic property. IR 3410 (NH), 1624 (C=0) cm-i. ^H NMR 

(DiO): 5 0.77-0.82 (t, 6 H), 1.29-1.57 (m, 2 H), 1.63-1.80 (m, 1 H), 2.99 (s, 

9 H), 3.47-3.54 (m, 1 H). iHNMR (CD3CN): 5 0.94-0.97 (t, 6 H), 1.40-

1.85 (m, 3 H), 3.13 (s, 9 H), 3.59-3.66 (m, 1 H). 

N,N,N-trimethylleucine (1.45 mmol, 0.25 g) was used to form N,N,N-

trimethyl leucine HCl. An eighty nine percent yield (0.27 g) of N,N,N-

trimethylleucine HCl was afforded from this reaction. N,N,N-

trimethylleucine HCl was isolated as a brown, hygroscopic solid. IR 3417 

(NH), 1727 (C=0) cm-'. •HNMR(DiO): 5 0.76-0.82 (t, 6 H), 1.29-1.52 

(m, 2 H), 1.63-1.82 (m, 1 H), 3.00 (s, 9 H), 3.59-3.66 (d, 1 H). 'HNMR 

(CD3CN): 5 0.96-0.99 (d, 6 H), 1.52-1.71 (m, 2 H), 1.78-1.86 (m, 1 H),3.16 

(s, 9 H), 3.80-3.93 (d , lH) . 
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Svnthesis of Amino Acid Ethvl Esters 
and Their HCl Salts 

Ethyl esters of glycine, alanine, valine, isoleucine, and leucine were 

synthesized by introduction of gaseous HCl into an anhydrous ethanol 

solution with the corresponding amino acid in a round bottom flask.'*^ 

Gaseous HCl was bubbled into this mixture until the amino acid was 

completely dissolved in anhydrous ethanol. The round bottom flask was 

then equipped with a jacketed condenser and a calcium chloride tube. This 

mixture was refluxed for 24 hours. The solvent was evaporated to yield the 

corresponding amino acid ethyl ester HCl salt. The amino acid ethyl ester 

HCl was further dried in a vacuum oven at 20 torr of pressure. This neutral 

amino acid ethyl ester was prepared by dissolving the amino acid ethyl ester 

HCl salt in minimal amount of distilled water followed by dropwise 

addition of NaOH/water solution until pH of 8 was achieved. An extraction 

with diethyl ether was performed to isolate the neutral amino acid ethyl 

ester. Evaporation of the diethyl ether afforded the amino acid ethyl ester. 

The amino acid ethyl ester was allowed to dry in the vacuum oven ovemight 

and stored with molecular sieves. 

Alanine Ethyl Ester (i6) and its HCl Salt (i7) 

Gaseous HCl was bubbled into a round bottom flask containing 2.50 g 

(28.1 mmol) of L-alanine and 25 ml of absolute ethanol. This mixture 

tumed clear in 10 minutes and allowed to reflux for 24 hours. An eighty 

two percent yield (3.51 g) for i7 was obtained as a light yellow crystal. The 

alanine ethyl ester HCl salt was found to be very hygroscopic. 'H NMR 

(D2O): 6 1.04-1.11 (t, 3 H), 1.32-1.36 (d, 3 H), 3.89-3.98 (q, 1 H), 4.02-4.13 

(q, 2 H). 
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Alanine ethyl ester HCl salt (19.6 mmol, 3.00 g) was ufilized for the 

preparation of neutral alanine ethyl ester (i6). Neutral alanine ethyl ester 

was afforded (29%, 0.66 g) as a yellow oil. 'H NMR (D2O): 5 0.91-0.98 (t, 

3 H), 1.09-1.13 (d, 3 H), 3.36-3.47 (q, 2 H), 3.92-4.03 (q, 1 H). 

Valine Ethyl Ester (i8) and its HCl Salt (i9) 

In a round bottom flask with 3.00 g (25.6 mmol) of L-valine and 30 ml 

of absolute ethanol, gaseous HCl was bubbled into this mixture until the 

amino acid was completely dissolved. An eighty four percent yield (3.89 g) 

for valine ethyl ester HCl was obtained from this reaction. 'H NMR (D2O): 

5 0.80-0.82 (d, 3 H), 0.84-0.87 (d, 3 H), 1.08-1.15 (t, 3 H), 2.10-2.23 (m, 1 

H), 3.80-3.82 (d, 1 H), 4.07-4.18 (q, 2 H). 

Valine ethyl ester HCl (15.5 mmol, 2.80 g) was neutralized to afford 

0.54 g (24%) of valine ethyl ester (i8). 'H NMR (D2O): 5 0.68-0.72 (d, 3 

H), 0.73-0.77 (d, 3 H), 1.05-1.12 (t, 3 H), 1.73-1.91 (m, 1 H), 3.14-3.17 (d, 1 

H), 3.97-4.07 (q, 2 H). 

Isoleucine Ethyl Ester (20) and its HCl Salt (2i) 

Gaseous HCl was bubbled into a mixture consisfing of 2.00 g (15.3 

mmol) of L-isoleucine and 25 ml of absolute ethanol until isoleucine was 

completely dissolved. An eighty percent yield (2.38 g) for isoleucine ethyl 

ester HCl was achieved from this reacfion. 'H NMR (D2O): 5 0.72-0.86 (m, 

6H), 1.08-1.15 (t, 3 H), 1.18-1.31 (m, 2 H), 1.70-1.98 (m, 1 H), 3.90-3.92 

(d, IH), 4.07-4.19 (q, 2 H). 

Isoleucine ethyl ester HCl (10 mmol, 1.95 g) was neutralized to form 

0.35 g (22%) of isoleucine ethyl ester (20). 'H NMR (D2O): 5 0.69-0.80 
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(m, 6 H), 1.05-1.08 (t, 3 H), 1.12-1.31 (m, 2 H), 1.70-1.88 (m, 1 H), 3.69-

3.72(d, IH), 4.02-4.13 (q, 2 H). 

Leucine Ethyl Ester (22) and its HCl Salt (23) 

L-leucine (15.27 mmol, 2.00 g) was mixed with 25 ml of absolute 

ethanol in a round bottom flask. Gaseous HCl was bubbled into this 

mixture until L-leucine was completely dissolved. An eighty five percent 

yield (2.53 g) for leucine ethyl ester HCl was obtained for this reacfion. 'H 

NMR (D2O): 5 0.74-0.78 (m, 6 H), 1.06-1.13 (t, 3 H), 1.43-1.70 (m, 3 H), 

3.89-3.97 (t,.l H), 4.04-4.15 (q, 2 H). 

Leucine ethyl ester HCl (10.26 mmol, 2.00 g) was neutralized to provide 

0.55 g (34%) of leucine ethyl ester (22). 'HNMR (D2O): 5 0.69-0.74 (m, 6 

H), 1.02-1.11 (t, 3 H), 1.19-1.60 (m, 3 H), 3.38-3.45 (t, 1 H), 3.95-4.02 (q, 2 

H). 

Synthesis of N.N-Dimethylamino Acid Ethyl Esters 
and Their HCl Salts 

The N,N-dimethylamino acid ethyl ester was synthesized by the 

formation of the amino acid ethyl ester first from its corresponding amino 

acid followed by dimethylation of the amino acid ethyl ester. The formation 

of the amino acid ethyl ester follows the same procedure described 

previously. The amino acid ethyl ester was dimethylated by the same 

procedure described previously for dimethylation of amino acids. The 

synthesized N,N-dimethylamino acid ethyl ester was kept dried under 

vacuum ovemight before NMR spectra were taken. 
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The N,N-dimethylamino acid ethyl ester HCl salt was obtained by 

adding HCl to the N,N-dimethylamino acid ethyl ester until it was acidic to 

litmus paper. The N,N-dimethylamino acid ethyl ester HCl salt was dried 

under vacuum ovemight before NMR spectra were obtained. N,N-

dimethylamino acid ethyl ester HCl utilized in this study was observed to be 

hygroscopic. 

N,N-Dimethylglycine Ethyl Ester (24) and its HCl Salt (25) 

N,N-dimethylglycine ethyl ester was commercially available. 'H NMR 

(D2O): 5 1.03-1.11 (t, 3 H), 2.09 (s, 6 H), 3.05 (s, 2 H), 3.95-4.06 (q, 2 H). 

iH NMR (CD3CN): 5 1.17-1.24 (t, 3 H), 2.25 (s, 6 H), 3.08 (s, 2 H), 4.04-

4.15 (q, 2 H). 

The N,N-dimethylglycine ethyl ester HCl salt was obtained from treating 

N,N-dimethylglycine ethyl ester with HCl. 'H NMR (D2O): 5 1.09-1.15 (t, 

3 H), 2.81 (s, 6 H), 3.96 (s, 2 H), 4.08-4.20 (q, 2 H). 'H NMR (CD3CN): 5 

1.21-1.28 (t, 3 H), 2.84 (s, 6 H), 3.90 (s, 2 H), 4.16-4.27 (q, 2 H). 

N,N-Dimethylalanine Ethyl Ester (26) and its HCl Salt (27) 

Alanine ethyl ester (4.3 mmol, 0.50 g) was mixed with 20 ml of 95%) 

ethanol, 0.15 g of palladium on activated carbon, and 0.65 ml of 37.6% 

assayed formaldehyde solution in a hydrogenator. A twenty six percent 

yield (0.16 g) for N,N-dimethylalanine ethyl ester was afforded. N,N-

dimethylalanine ethyl ester was isolated as a light yellow oil. 'H NMR 

(D2O): 5 1.01-1.12 (t, 3 H), 1.30-1.40 (d, 3 H), 2.08 (s, 6 H), 3.62-3.73 (q, 1 

H), 3.96-4.07 (q, 2 H). 'HNMR (CD3CN): 5 1.13-1.19 (t, 3 H), 1.35-1.43 

(d, 3 H), 2.23 (s, 6 H), 3.72-3.78 (q, 1 H), 4.05-4.12 (q, 2 H). 
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The N,N-dimethylalanine ethyl ester HCl was prepared by adding HCl to 

N,N-dimethylalanine ethyl ester. 'H NMR (D2O): 6 1.09-1.12 (t, 3 H), 

1.40-1.43 (d, 3 H), 2.71-2.76 (d, 6 H), 4.05-4.16 (m, 3 H). 'HNMR 

(CD3CN): 5 1.22-1.25 (t, 3 H), 1.55-1.60 (d, 3 H), 2.79 (s, 6 H), 4.00-4.10 

(q, IH), 4.17-4.27 (q, 2 H). 

N,N-Dimethylvaline Ethyl Ester (28) and its HCl Salt (29) 

A mixture of 0.40 g (2.8 mmol) of i8 , 0.45 ml of 37.6% assayed 

formaldehyde solution, 0.1 g of palladium on activated carbon, and 20 ml of 

95%) ethanol was used in this reaction. A thirty one percent yield (0.15 g) 

for N,N-dimethylvaline ethyl ester was achieved. N,N-dimethylvaline ethyl 

ester was obtained as a clear oil. 'H NMR (D2O): 5 0.75-0.78 (d, 3 H), 0.87-

0.90 (d, 3 H), 1.09-1.16 (t, 3 H), 2.20-2.38 (m, 1 H), 2.70 (s, 6 H), 3.69-3.72 

(d, 1 H), 4.10-4.21 (q,2H). iH NMR (CD3CN): 5 0.90-1.01 (m, 6 H), 1.01-

1.11 (t, 3 H), 2.01-2.13 (m, 1 H), 2.66 (s, 6 H), 3.19-3.23 (d, 1 H), 4.05-4.12 

(q, 2 H). 

The N,N-dimethylvaline ethyl ester HCl was obtained from adding HCl 

to N,N-dimethylvaline ethyl ester. 'H NMR (D2O): 5 0.75-0.79 (d, 3 H), 

0.87-0.91 (d, 3 H), 1.09-1.16 (t, 3 H), 2.20-2.39 (m, 1 H), 2.73 (s, 6 H), 

3.74-3.77 (d, 1 H), 4.12-4.22 (q, 2 H). iH NMR (CD3CN): 6 0.91-0.94 (d, 3 

H), 1.05-1.08 (d, 3 H), 1.22-1.29 (t, 3 H), 2.13-2.32 (m, 1 H), 2.54 (s, 6 H), 

3.13-3.29 (m, 1 H), 4.15-4.26 (q, 2 H). 

N,N-Dimethylisoleucine Ethyl Ester (30) and its HCl Salt (31) 

A mixture of 0.35 g (2.2 mmol) of 20, 0.1 g of palladium on activated 

carbon, 0.35 ml of 37.6%) assayed formaldehyde solufion, and 20 ml of 95%) 
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ethanol was utilized in the formation of N,N-dimethylisoleucine ethyl ester. 

A twenty nine percent yield (0.12 g) for N,N-dimethylisoleucine ethyl ester 

was obtained. N,N-dimethylisoleucine was isolated as a clear oil. 'H NMR 

(D2O): 6 0.72-0.85 (m, 6 H), 1.03-1.14 (t, 3 H), 1.21-1.35 (m, 2 H), 1.80-

1.85 (m, 1 H), 2.73 (s, 6 H), 3.30-3.33 (d, 1 H), 4.02-4.10 (q, 2 H). iHNMR 

(CD3CN): 5 0.89-1.06 (m, 9 H), 1.20-1.31 (m, 2 H), 1.56-1.67 (m, 1 H), 

2.60 (s, 6 H), 3.21-3.23 (d, 1 H), 4.11-4.20 (q, 2 H). 

The N,N-dimethylisoleucine ethyl ester HCl was made from adding HCl 

to N,N-dimethylisoleucine ethyl ester. 'H NMR (D2O): 5 0.77-0.85 (m, 6 

H), 1.11-1.41 (m, 5 H), 1.90-1.93 (m, 1 H), 2.65 (s, 6 H), 3.35-3.40 (d, 1 H), 

4.12-4.15 (q, 2 H). iH NMR (CD3CN): 5 0.91-0.95 (m, 6 H), 1.23-1.52(m, 

5 H), 2.03-2.05 (m, 1 H), 2.49 (s, 6 H), 3.42-3.45 (d, 1 H), 4.17-4.20 (q, 2 

H). 

N,N-Dimethylleucine Ethyl Ester (32) and its HCl Salt (33) 

Leucine ethyl ester (2.83 mmol, 0.45 g) was mixed with 0.50 ml of 

37.6%) assayed formaldehyde solution, 0.15 g of palladium on activated 

carbon, and 20 ml of 95%) ethanol in a hydrogenator bottle. A thirty percent 

yield (0.16 g) for N,N-dimethylleucine ethyl ester was achieved from this 

reaction. This synthesized N,N-dimethylleucine ethyl ester is a yellow oil. 

iH NMR (D2O): 5 0.62-0.72 (m, 6 H), 1.05-1.11 (t, 3 H), 1.20-1.33 (m, 3 

H), 2.07 (s, 6 H), 3.20-3.25 (m, 1 H), 3.99-4.08 (q, 2 H). 'HNMR 

(CD3CN): 5 0.82-0.93 (m, 6 H), 1.07-1.13 (t, 3 H), 1.29-1.52 (m, 3 H), 1.75-

1.81 (m, 1 H), 2.22 (s, 6 H), 4.10-4.15 (q, 2 H). 
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The N,N-dimethylleucine ethyl ester HCl was obtained from addition of 

HCl to N,N-dimethylleucine ethyl ester. 'H NMR (D2O): 5 0.75-0.76 (d, 3 

H), 0.77-0.78 (d, 3 H), 1.08-1.16 (t, 3 H), 1.41-1.80 (m, 3 H), 2.74 (s, 6 H), 

3.88-3.93 (d, 1 H), 4.10-4.20 (q, 2 H). 'HNMR (CD3CN): 6 0.93-0.94 (d, 3 

H), 0.96-0.97 (d, 3 H), 1.23-1.30 (t, 3 H), 1.62-1.75 (m, 1 H), 1.78-1.89 (m, 

2 H), 2.75 (s, 6 H), 3.79-3.87 (t, 1 H), 4.19-4.30 (q, 2 H). 
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