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Complexing involving a ni t rogen a tom d i rec t ly  bound to the CH group is known to i nc rea se  the acidi ty 
of the la t t e r .  When it was found that  the copper  complex of glycine can be conver ted  to threonine by r e a c t -  
ing it with aceta ldehyde (the Akabori  react ion)  [1], a g rea t  deal  of r e s e a r c h  was under taken on e lect rophi l ic  
substi tut ion in the (~-CH groups of meta l l ic  complexes  of the amino acids .  These  inves t igat ions  revea led  
ce r ta in  spec ia l  f ea tu res  in the s t ruc tu re  and r eac t iv i ty  of cobalt  and, to a l e s s e r  extent, copper  complexes  
of the amino ac ids .  It was es tab l i shed  that the Akabori  r eac t ion  was a genera l  r eac t ion  of copper  and co-  
bal t  complexes  of amino acids (glycine and alanine) with carbonyl  compounds (aliphatic aldehydes and ke-  
tones and a roma t i c  aldehydes) [2]. 

The data on the influence of the amount of alkali  on the condensat ion ra te  of copper  glycinate with ace t -  
aldehyde p u b l i s h e d  in our previous  r epo r t  on the conditions for  the Akabori  r eac t ion  [3] a re  in ag reemen t  
with the hypothes is  that a CH-ac id  pa r t i c ipa tes  in this reac t ion .  Buckingham [4] invest igated deuteron ex-  
change for  the (~-CH proton and r acemiza t i on  in coordinated L-a lan ine  and L-val ine  in cobalt  complexes  by 
the NMR method and showed that the pro ton-exchange  and r acemiza t i on  r a t e s  a re  equal for  an amino acid 
complex.  This  apparent ly  r e su l t s  f rom an SE1 p roces s ,  i . e . ,  fo rmat ion  of an in te rmedia te  carbanion  dur -  
ing r acemiza t i on  and hydrogen exchange.  

The diff icul t ies  involved in studying the r e v e r s i b l e  reac t ion  of copper  complexes  of the amino acids 
with aldehydes a r e  due to the fact  that s e v e r a l  pa ra l l e l  r eac t ions  take place s imul taneously ,  including r e -  
duction of the copper  to the meta l l ic  s tate  and autocondensat ion of the aldehydes [3, 5]. Moreover ,  theNMR 
method cannot be used for  studying e lec t rophi l ic  hydrogen r e p l a c e m e n t  in copper  complex.  All these  f ac -  
t o r s  h a m p e r  quanti tat ive study of the r eac t ions  of amino acid copper  complexes .  

We set  out to study the m e c h a n i s m  of the Akabori  r eac t ion  by invest igat ing the reac t ion  of the copper  
complex  of opt ical ly  act ive  L-alanine  with aceta ldehyde in an alkaline medium and analyzing the cour se  of 
the reac t ion  by g a s - l i q u i d  ch roma tog raphy  (GLC) and p o l a r i m e t r y .  Invest igat ion of complex r acemiza t ion  
by GLC and p o l a r i m e t r y  showed that not iceable r acemiza t ion  of the L-a lanine  copper  complex  began only at 
a pH above 11.5 and had a v e r y  low ra t e .  Almost  no r acemiza t ion  of L-a lanine  was obse rved  in the s a m e  
alkaline medium,  but rapid  r acemiza t i on  of the L-alanine copper  complex  occu r r ed  in the p re sence  of a ce t -  
aldehyde (Figs.  1 and 2). The c~-methylthreonine fo rmed  during the reac t ion  of the L-alanine copper  c o m -  
plex with aceta ldehyde was always r acem i c ,  even during the init ial  s tages  of the react ion,  where  the r a c e -  
mizat ion  of the initial al ininate was slight.  The ra te  of a -me thy l th r eon ine  format ion,  like the r a c e m i z a -  
tion ra t e  of the unreac ted  L-alanine copper  complex,  was always h igher  than the r acemiza t ion  ra te  for  the 
L-alanine  copper  complex  in the absense  of acetaldehyde.  

The r e su l t s  obtained can be i n t e rp re t ed  in the following manner :  1) an in te rmedia te  product  having a 
h igher  C - H  acidi ty than the init ial  complex  is fo rmed  when an amino acid copper  complex  is r eac ted  with 
acetaldehyde; 2) this in te rmedia te  product  is apparen t ly  common to r acemiza t ion  and fo rmat ion  of a C -  C 
bond. 
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Fig. 1. C h r o m a t o g r a m  of mix tu re  of d - s e c - b u t y l  e s t e r s  of 
N- t r i f l uo roace ty l  alanine and methyl threonine  der iva t ives :  1) 
D-atanine; 2) L-alanine;  3) D- threomethyl threonine ;  4) L -  
t h r e o m e t h y l  alanine; 5) D-al lomethyl threonine;  6) L - a l l o m e -  
thyl threonine.  

Fig.  2. Influence of aceta ldehyde on r a c e m i z a t i o n  of L - a l a -  
nine copper  complex  in alkal ine med ium (GLC data).  1) r a c e -  
miza t ion  with CuL-a l a  2 : KOH : CH3CHO ra t io  of 1 : 1 : 5 in 50 
ml  of aqueous solution at 40 ~ L-alanine copper  complex  con-  
cent ra t ion  of 0.02 m o l e / l i t e r ,  aceta ldehyde concentra t ion  of 
0 . i  m o l e / l i t e r ,  and r acemiza t i on  in absence  of acetaldehyde; 
2) CuL-a l a  2 : KOH = 1 : 1 in 50 ml  of aqueous solution a t  40 ~ 
L-a lan ine  copper  complex  concent ra t ion  of 0.02 mote / l i t e r ;  
3) CuL-a la  2 : KOH = 1 : 1 in 50 ml  of aqueous so lu t iona t  55 ~ 
L-alanine copper  complex  concentra t ion  of 0.036 m o l e / l i t e r .  

The hypothes is  that  an in te rmedia te  product  is  f o rmed  was conf i rmed  by the dependence of the optical  
ac t iv i ty  of  the r eac t i on  mix tu re  on t ime  and the aceta ldehyde concent ra t ion  (Fig. 3). 

The op t i ca l -ac t iv i ty  m a x i m u m  exhibited by  the solution in an alkal ine med ium may  have  been due to 
accumula t ion  of this i n t e r m e d i a t e  product .  The obse rved  inc rea se  in optical  act ivi ty  did not r e su l t  f r o m  
fo rmat ion  of e -me thy l th reon ine ,  s ince a s i m i l a r  r i s e  in optical  act ivi ty  was obse rved  in a neutral  medium,  
where  this compound is not formed;  m o r e o v e r ,  the ~ -me thy l th reon ine  fo rmed  in an alkaline medium is a l -  
ways r acemized ,  as  was pointed out above.  

As for  the s t r u c t u r e  of the in t e rmed ia te  product,  i t  can be a s s u m e d  f r o m  the data in the l i t e r a tu re  [6] 
that  it is a coppe r  complex  of a Schiff base .  Such complexes  of aldehydes with amino acids hav ingaSch i f f -  
base  s t ruc tu re  a re  known for  copper  complexes  of sal icylaldehyde with glycine [7-9] and of acetaldehyde 
with threonine  [10]. 

It is  a l so  known [7] that  the equi l ibr ium between an amino acid and an imine  

Scheme t 

COOH COOH COOH 

R--C~--NH~ ~_ R--C[H--N--CI-IR ~+- R--C~H--N =CHR 
I ~ t .  

H 

i s  shif ted to the right; complexing with coppe r  is  s tabi l ized  by the imino f o r m  (D: 
CO--O CO--0 

R--~H ~Cu (I) T N'Cu (lI) 
\ t  AHS N~-CHR / \  

For raa t iou  of Schi f f -base  complexes  caus e s  an i n c r e a s e  in optical  act iv i ty  and a change in the d i spe r s ion  of 
opt ical  ro ta t ion  for  solut ions [7, 11], It can  t h e r e f o r e  be  s ta ted  that  the obse rved  inc rea se  in ro ta t ion  fo r  
the L-a lanine  copper  complex  solution was caused  by es tab l i shment  of this equi l ibr ium (scheme 1), The l i m -  
iting value o f  c~t/~ 0 in a neutra l  solution (see Fig. 3) co r r e sponds  to the equi l ibr ium imino fo rm (I) con- 
cent ra t ion  under  the conditions in question,  while the p roce s s  is compl ica ted  by r acemiza t i on  and reac t ions  
involving fo rmat ion  of a C - C  bond in an alkal ine medium.  It can be p r e s u m e d  that  proton mobi l i ty  in the 
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Fig. 3. Change in optical rotation during reaction of L-alanine 
copper complex with acetaldehyde (50 ~ ~ = 500 rap). 1) Without 
acetaldehyde; L-alanine copper complex concentration of 5;10 -3 
mole/liter, pH 9.2; 2) acetaldehyde concentration of 2"10 -2mOle/ 
liter, L-alanine copper complex concentration of 5.10 -3 mole/li- 
ter, pH 9.2; 3) acetaldehyde concentration of 1.10 -I mole/liter, 
L-alanine copper complex concentration of 5-10 -3 mole/liter, pH 
9.2; 4) acetaldehyde concentration of 1.10 -I mole/liter, L-alanine 
copper complex concentration of 5"10 -3 mole/liter, pH 7.3. 

Fig. 4. Dispersion of optical rotation for copper complexes of L- 
alanine and L-N, N-dimethyl alanine (the specific rotation was 
calculated for 1 g of amino acid in solution). 1) L-alanine cop- 
per complex; 2) L-alanine copper complex after heating at 50 ~ 
for 2 h with fivefold excess of acetaldehyde at pH 9.2; 3) L-N,N- 
dimethylalanine after heating for 2 h with tenfold excess of ace- 
taldehyde at pH 9.2. 

a-CH group depends on the manner in which complexing with the copper occurs. This mobility is evidently 

higher in a ~r-donor system like (I) than in p-donor systems of ty-pe (If). Actually, it has been established 
[9] that the copper complex of salicylaldehyde with giycine reacts very readily with carbonyl compounds, 
even in a neutral medium. These data support our hypothesis that both racemization in the presence of acet- 
aldehyde and the Akabori reaction involve an imine as an intermediate product. 

We found confirmation of this view in studying the copper complex of L-N, N-dimethylalanine. The 
presence of acetaldehyde did not alter the optical properties of the complex in solution under conditions 
where it was stable (pH < 10.3; Fig. 4). (A decrease in optical activity resulting from breakdown of the am- 
ino acid by fragmentation was observed in more alkaline media.) 

It is significant that the copper complex of L-N, N-dimethylalanine does not undergo racemization or 
form N, N-dimethyl-2-methylthreonine, We were unable to find the latter compound in the reaction mixture 
over the pH range 7.8-11 by paper chromatography or other analytic procedures. 

Imine formation w~s apparently a necessary intermediate stage in the Akabori reaction: 

CO--O CO--O CO--O CO--O 
" .  / ~ / \ / o . -  |  \c / , ,~  R c . o  / " X'c'/u- Cu +RCHO HCR" Cu __--~ CR" R--CH--CR" -~ RCH--CR'--C00H 

R'~CH~NH~ N ~-~CHR OH OH NH~ 

EXPERIMENTAL 

The amino acid esters for gas- liquid chromatography were produced in the following manner: I0 mg 
of amino acid and 0.5 ml of secondary butanol were saturated with dry HCI for 1 h. The excess alcoholwas 
distilled off undervacuum, absolute benzene or chloroform (I ml) was added, and the mixture was again vacu- 
um-distilled. The dry residue was flooded with I ml of trichloroacetic anhydride and left to stand overnight 
at room temperature. After the trichloroacetic anhydride was driven off, the residue was dissolved in ben- 
zene or chloroform. 
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Gas chromatography  was ca r r i ed  out in a capi l lary  colurnn 90 m tong with an inside d iameter  of 0.5 
mm; we employed a neopentylglycol adipinate phase at a p re s su re  of 0.3 atm and a tempera ture  of 105-110 ~ 
The detec tor  was of the f lame-ionizat ion type and the c a r r i e r  gas was nitrogen. 

Pape r  chromatography (after removal  of the copper  f rom the solution with hydrogen sulfide) was c a r -  
r ied  out by the descending method in a solvent consis t ing of pyridine and water  in a rat io of 65 : 35, with 
Whatman No. 41 paper  and an exposure t ime of 2.5 h. The developer was a solution of 0.5 g of ninhydrin in 
a mixture of 95 ml of acetone, t ml of CH3COOH , and 4 ml of H20. The Rf of the alanine was 0,61, that of 
the methylthreonine was 0.72, and that of the N, N-dimethylalanine was 0.78. 

The pH of the react ion mixture  was measured  with a Radiometer  PHM-4c pH-meter .  The dispers ion 
of optical rotat ion was investigated with a JASCO ORD UV-5 spee t rophotopolar imeter  in a con t ro l l ed- tem-  
pe ra tu re  cei l  with quar tz  windows. 

The L-alanine copper complex was produced f rom analytically pure copper  bicarbonate and chemica l -  
ly pure L-alanine.  According to the GLC data [12], the optical puri ty of the ~-alanine was 99.5%. The ~-  
methylthreonine was produced by a somewhat  modified vers ion  of the method of Mix et al. [13]: a mixture 
of 0.01 M copper  alaninate, 10 ml  of i N KOH, and 1.35 g of f resh ly  distil led acetaldehyde in 5 ml of water  
was agitated at 0 ~ for  1.5 h, another port ion of the same amount of aldehyde solution was added, and agi ta-  
tion was continued at 40 ~ for  3.5 h. Pape r  chromatography showed that a smal l  amount of atanine remained 
in the react ion mixture as an impurity.  The subsequent t rea tment  of the mixture was the same as that de- 
sc r ibedby  Mixet al. [13]. The c~-methylthreonine yield was about 55%. The alanine impuri ty  disappeared 
af ter  two recrys ta l l i za t ions  from aqueous alcohol; the decomposit ion point of the resul tant  compound was 
233-235 ~ Observed: 44.96, 44.85% C; 8.25, 8.20% H; 10.40, 10.31% N. CsHItNO 3. Calculated: 45.10% C; 
8.33% H; 10.52% N. 

Figure 5 shows a gas ch roma tog ram of the methylthreonine obtained (using a steel capi l lary  column 
90 m long with an inside d iameter  of 0.5 mm at a p r e s su re  of 0.43 atm and a t empera tu re  of 110% with a 
f lame-ionizat ion de tec tor  and nitrogen as the c a r r i e r  gas). The ~-methyl threonine  formed consis ted of a 
mixture  of the th reo -  and a l to - fo rms ,  with a considerabIe  preponderance of the fo rmer .  

We studied the r acemiza t ioa  of L-alanine and the Akabori  react ion with 2~ -2 M copper  L-alaninate 
solutions in water,  methanol, and acetoni tr i le  at 40 ~ with different medium alkalinities and acetaldehyde 
concentrat ions.  

Example.  Chilled solutions of 0.001 M L-Cu-AIa2, 0.001 M KOH, and 0.05 M f reshly  prepared  ace t -  
aldehyde were  mixed in a 50-ml  measur ing  flask. The contents of the f lask were  quickly t r ans f e r r ed  to a 
thermosta t ted  reac t ion  vesse t  fitted with a mixer .  Five o r  six samptes of the react ion mixture were taken 
during the experiment .  Each sample was diluted with water  and acidified with acetic acid; the solvent and 
unreacted aldehyde were driven off in a ro t a ry  evaporator .  The residue was dissolved in water and again 
acidified with CH3COOH and the 

�9 to a coluran (0.9 em in d iameter  
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Fig. 5. Chromatograms  of 
mixture of d - sec -bu ty t  e s -  
t e r s  of N- t r i f luoroace ty l -  
methytthreonine+ 1) D -+ 
threomethyl threoni  ne; 2) 
L- threomethyl threoni  he; 
3) D-allomethytthreonine;  
4) L-aliomethylthreonine+ 

copper  was removed with hydrogen sulfide. The solution was t r ans fe r r ed  
and 10 cm long) of Dowex 50 : x 8.400 mesh cationite (H form) anti washed 
with water  to remove  the CH~COOH and H2S. The amino acid was diluted 
f rom the column with 3 N ammonia.  Theeluate  was evaporated and the so l -  
id res idue was dried by distil lation with benzene. The samples  were ana-  
lyzed by paper and gas chromatography.  

Figure 1 shows a typical sample ch romatogram.  The same p roce -  
dure was employed to investigate the racemiza t ion  of the L-alanine copper  
complex under s imi la r  conditions in an alkaline solution, but with ace ta lde-  

hyde. 

In o rde r  to determine the change in the rat io of the D- and L- fo rms  
of alanine in the reactiorL mixture f rom sample to sample during the exper i -  
ment, we measured  the rat io of the a reas  of the D- snd L-alanine peaks in 
the ch romatograms .  Figure 2 shows the ra te  of D-alaniae format ion under 
the conditions of the Akabori reac t ion  (curve 1) and in the same alkaline 
medium but without the aldehyde (2); curve 3 represen ts  the rate of D-a la -  
nine formation under more severe  conditions than for curve 2, also in the 
absence of aldehyde. 
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The L-N, N-dimethylalanine was produced by r o o m - t e m p e r a t u r e  hydrogenat ion of a mixture  o[ f o rm-  
aldehyde and L-alanine with a catalyst  consist ing of 10% Pd on activated charcoal  [14]. The reac t ion  r e -  
quired 50-55 h with an equimolar  ra t io  of L-alanine and Pd and a twofold excess  of formaldehyde.  We check-  
ed for complete convers ion  of the alanine by paper chromatography and f rom the disappearance of co lo r -  
a t ion in thebenz id ine  reac t ion  [15]. After reduction was complete,  the react ion mixture  was heated almost  
to the boiling point, the catalyst  was removed  by hot fi l tration, and the solution was vacuum-evapora ted .  
The resul tant  oily yellow mass  was reprec ip i ta ted  f rom absolute ethanol with absolute e ther .  We obtained 
slightly yellowish, ve ry  hygroscopic  c rys ta l s  with a melting point of 200-263 ~ Observed: 11.5~cf/o N. 
CsHllNO 2. Calculated: 11.96% N. 

C O N C L U S I O N S  

1. The Akabori reac t ion  involves a stage in which an in termedia te  imine copper complex is formed 
f rom acetaldehyde and copper  alaninate. 

2. The in termedia te  complex has a h igher  CH acidity than the initial alanine copper  complex.  
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