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University of Strasbourg, CNRS, ISIS UMR 7006, 67000 Strasbourg, France 

ABSTRACT: Several classes of biological reactions that are mediated by an enzyme and a co-factor can occur, to a slower extent, 
not only without the enzyme but even without the co-factor, under catalysis by metal ions. This observation has led to the proposal 
that metabolic pathways progressively evolved from using inorganic catalysts to using organocatalysts of increasing complexity. 
Transamination, the biological process by which ammonia is transferred between amino acids and keto acids, has a mechanism that 
has been well studied under enzyme/co-factor catalysis and under co-factor catalysis, but the metal ion-catalyzed variant was gener-
ally studied mostly at high temperatures (70-100 ºC), and the details of its mechanism remain unclear. Here, we investigate which 
metal ions catalyze transamination under conditions relevant to biology (pH 7, 20-50 ºC) and study the mechanism in detail. Cu2+, 
Ni2+, Co2+ and V5+ were identified as the most active metal ions under these constraints. Kinetic, stereochemical and computational 
studies illuminate the mechanism of the reaction. Cu2+ and Co2+ are found to predominantly speed up the reaction by stabilizing a key 
imine intermediate. V5+ is found to accelerate the reaction by increasing the acidity of the bound imine. Ni2+ is found to do both to a 
limited extent. These results show that direct metal ion-catalyzed amino group transfer is highly favored even in the absence of co-
factors or protein catalysts under biologically compatible reaction conditions.

Introduction 
It has been known for nearly 80 years that some biological 

enzyme-catalyzed reactions still occur without enzymes, under 
catalysis by metal ions.1,2 Similarly, many biological reactions 
co-catalyzed by enzymes and co-factors still occur with only the 
co-factor as catalyst,3 or even under catalysis by metal ions 
alone. Recently, analogues of entire metabolic pathways, or 
fragments thereof, have been found to occur under metal or 
metal ion catalysis,4 including the Krebs or reverse Krebs 
cycles,5 the acetyl CoA pathway,6 glycolysis and the pentose 
phosphate pathway,7 and gluconeogenesis.8 These observations 
support proposals that precursors to some core metabolic 
pathways emerged under inorganic catalysis and were later 
refined by organocatalysis from co-factors and eventually, by 
enzymes.9 However, there is no example of a metabolic reaction 
for which all three levels of catalytic complexity (1. metal ion, 
2. co-factor with or without metal ions, and 3. co-factor + en-
zyme) are demonstrated and mechanistically understood under 
biological conditions, making it difficult to appreciate how such 
an evolutionary progression might have occurred within bio-
chemistry. Furthermore, the precise role of metal ions in pro-
moting reactions of metabolic pathways has largely been over-
looked in previous studies.4-8 

One class of metabolic reaction that might serve as an illus-
trative example is transamination, the process by which ammo-
nia is transferred between amino acids and α-keto acids. Once 
ammonia flows into metabolism through the reductive amina-
tion of α-ketoglutarate to give glutamate, several important 
amino acids are biosynthesized by transamination with α-keto 
acids, many of which are intermediates of the Krebs cycle or 
the glyoxylate cycle. For example, transamination with glyox-
ylate, pyruvate, and oxaloacetate gives glycine, alanine, and as-
partic acid, respectively (Figure 1A).10 In biology, transamina-
tion reactions are catalyzed by a combination of a co-factor, 

pyridoxal phosphate (PLP), and an enzyme, a transaminase 
(Figure 1B).11 However, it is well established that transamina-
tion reactions still happen without enzymes, catalyzed by PLP 
with or without metals, and the mechanism of this process has 
been the subject of a number of studies.12 Non-enzymatic trans-
amination can even occur without PLP, under catalysis by metal 
ions alone (particularly Al3+, Fe3+, Cu2+),13 and to a much more 
limited extent, without any catalyst at all.14 Beside studies on 
transamination within a biochemical context, non-enzymatic 
transamination reactions have found application in the 
asymetric synthesis of amino acids using tailored 
organocatalysts,15,16 or the combination of organocatalysts and 
metal ions.17 Recently, Cu2+ or Ni2+-catalyzed transamination of 
the N-terminal sites of proteins with glyoxylate was also pro-
posed as a method for the formation of protein bioconjugates.18  

Understanding the mechanism, scope and influence of 
various metals on non-enzymatic metal ion-catalyzed 
transamination under biological conditions could allow 
transamination to be used as a representative case study for the 
early evolution of co-factors and metabolic pathways. It could 
also help assess whether transamination might have played a 
role in the potentially pre-enzymatic origins of biological amino 
acid metabolism, as metal ions are ubiquitous in nearly all 
environments.19  

In the context of transamination between biochemical sub-
strates, mechanistic studies have been carried out on the slow 
catalyst-free reaction, which is limited to glyoxylate,20 and 
much is known about the stoichiometric formation of metal-
imine complexes.21 However, following the original explora-
tory studies carried out in the 1950s mostly under high temper-
atures (70-100 ºC),13a,b little work has been done on the overall 
mechanism of transamination solely under catalysis by metal 
ions. Here, we re-evaluated a wide variety of metal ions as 
catalysts under plausible biological conditions (pH 7, 20-50 ºC) 
and identifed Cu2+, Ni2+, Co2+, and V5+ as the most viable 



 

catalysts. We then performed detailed kinetic, stereochemical, 
and computational studies to elucidate the mechanism and to 
understand the particularities of each metal.  

 

 

Figure 1. (A) Biosynthesis of amino acids from glyoxylate and the 
intermediates of the Krebs cycle. (B) Enzymatic transamination 
mediated by pyridoxal phosphate (PLP) as co-factor.  

Results and Discussion  
Products of Transamination Reactions 

Identification of Reaction Conditions. Initially, we stud-
ied the effects of 20 mol% of chloride and sulfate salts of vari-
ous transition metals on the transamination reaction between 
glyoxylate and glutamic acid to yield glycine and a-ketoglu-
tarate at 23 ºC and pH 7 (Table 1). To avoid necessary pH ad-
justments for screening experiments, 1 M phosphate buffer at 
pH 7 was used as solvent. The Gibbs free energy of the reaction 
was estimated to be DG0 = –14.9 kJ mol–1 based on reported 
enzyme kinetics (see the Supporting Information for de-
tails).22,23 Thus, at a concentration of 30 mM of glyoxylate and 
45 mM of glutamic acid, 29.8 mM glycine should form if the 
equilibrium establishes without any side reactions. We found 
that the transamination reaction of 30 mM glyoxylate with 1.5 
equiv glutamic acid yields glycine in 0.3 – 91% yield as deter-
mined by quantitative 1H NMR spectroscopy after removal of 
the metals with the ion-exchange resin Chelex® (Table 1). The 
lower yields of glycine compared to the thermochemical pre-
diction were attributed to the competing decomposition of gly-
oxylate in the presence of some metals as well as side reactions, 
e.g., the aldol reaction of glyoxylate with in-situ formed a-ke-
toglutarate (see Figure S1-2 for representative NMR spectra).13f 
The most efficient catalysts for the transamination reaction at 

23 ºC and pH 7 are Ni2+, Cu2+, V5+, and Co2+ (entries 1-4).24 
However, many other transition metals still show a significant 
catalytic activity (entries 5-12), surpassing the uncatalyzed 
background reaction (entry 21).  

Table 1. Reaction of Glyoxylate (30 mM) and Glutamic Acid 
(1.5 equiv) in the Presence of 20 mol% of Different Metal 
Salts at 23 °C (1 M Phosphate Buffer, pH 7, 24 h).a  

 
en-
try 

catalyst yield (%) en-
try 

catalyst yield 
(%) 

1 NiCl2 90.5 ± 1.2 12 VOSO4 1.2 
2 CuCl2 86.6 ± 1.3 13 CrCl2 0.7 
3 CoCl2 60.9 ± 6.9 14 MgCl2 0.5 
4 NaVO3 49.0 ± 4.0 15 WCl6 0.5 
5 FeCl3 25.5 ± 2.9 16 MoCl3 0.4 
6 FeCl2 20.2 17 MnCl2 0.3 
7 AlCl3  8.3 18 CrCl3 0.3 
8 ZnCl2 7.2 19 CeCl3 0.3 
9 KAl(SO4)2 6.7 20 CaCl2 0.3 
10 PdCl2 5.8 21 none 0.4 ± 0.1 
11 HgCl2 5.6 22 enzyme 99.3b 
a Yields were determined by quantitative 1H NMR spectroscopy 

with dimethyl sulfone as an internal standard after removing metal 
ions with Chelex®. Errors correspond to standard deviations (see 
Supporting Information for details). b Maximum possible yield con-
sidering the Gibbs free energy of the reaction, the concentrations of 
the reactants and the temperature.22,23  

Next, we studied whether the reaction conditions identified 
for the transamination of glyoxylate to glycine are suitable for 
the transamination of pyruvate with glutamic acid to yield ala-
nine and a-ketoglutarate. Transamination with glutamic acid to 
pyruvate is thermodynamically far less favored than to glyox-
ylate, as evident from the only slightly exergonic Gibbs free en-
ergy of the reaction with DG0 = –1.04 kJ mol–1.22 Accordingly, 
from 30 mM pyruvate and 45 mM glutamic acid, a maximum 
of 19.8 mM alanine (66% yield) should form if the equilibrium 
can establish without side reactions. However, the reaction with 
20 mol% Cu2+, Co2+, Ni2+, or V5+ as catalyst yielded only small 
amounts of alanine (< 2%) after 24 h at room temperature.  
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Table 2. Transamination Reaction of Pyruvate (30 mM) 
with Glutamic Acid (45 mM) at 23 °C and 50 °C (1 M Phos-
phate Buffer, pH 7).a  

 
cata-
lyst 

yield (%) 
with 20 mol% 

yield (%) 
with 50 mol% 

yield (%) 
with 100 mol% 

 23 °C 50 °C 23 °C 50 °C 23 °C 50 °C 
 after 24 h 

Cu2+  2.0 28 4.9 25 9.4 50 
Co2+ nd nd nd 0.4 nd 0.7 
Ni2+ nd 2.8 0.3 4.1 0.7 4.8 
V5+ 0.9 8.6 1.3 17 1.9 22 

none nd 
 after 72 h 

Cu2+ 6.6 48 19 67 21 55 
Co2+ nd 0.5 nd 2.0 nd 0.9 
Ni2+ 0.5 7.8 0.7 11 1.8 14 
V5+ 3.0 15 4.2 30 4.9 39 

none nd 
a Yields were determined by quantitative 1H NMR spectroscopy 

with dimethyl sulfone as an internal standard after removing metal 
ions with Chelex® (see the Supporting Information for details). nd: 
Not detected (detection limit ≈ 0.3% alanine).  

Increasing the amount of catalyst and the reaction time re-
sulted in higher conversion: With 50 mol% Cu2+, 67% alanine 
formed after 72 h at 50 °C. V5+ and Ni2+ yields less alanine (30% 
and 11% at 50 °C and 72 h, respectively) and Co2+ showed little 

conversion. The results in Table 2 generally parallel those of 
Mix, who found that Cu2+ was the most efficient catalyst in the 
transamination of pyruvate with various amine donors at 70 °C 
(based on the yield after 2 h, pH 7).13b  

Transamination Reactions with Other Substrates. We 
next investigated the reactions between other amine donors and 
keto acids. Cu2+ was used as catalyst due to its strong perfor-
mance in the reactions of glutamic acid with both glyoxylate 
and pyruvate. Thus, glyoxylate, pyruvate, and a-ketoglutarate 
(30 mM) were reacted with different amino acids (45 mM) in 
the presence of 20 mol% CuCl2 at 50 °C for 72 h. Again, ther-
mochemistry is the factor deciding the feasibility of a specific 
transformation and enzymatic data can be used to gauge the ex-
tent to which a specific combination will react. However, it 
must be acknowledged that the position of the equilibria will 
also be affected by the 20 mol% of catalyst present due to for-
mation of metal-chelates. Compared to enzyme-catalyzed trans-
aminations, the metal-catalyzed reactions were found in most 
cases to reach lower yields of products compared to the enzy-
matic reaction. Table 3 summarizes reported Gibbs free ener-
gies for some combinations of substrates and the observed yield 
of the transamination product under metal catalysis. While ox-
aloacetate could be a possible substrate for transamination re-
actions to yield aspartic acid, we found that it readily undergoes 
decomposition to pyruvate in the presence of metal ions under 
the reaction conditions.1 Pyruvate, in turn, undergoes transami-
nation to yield alanine. Accordingly, we did not detect the for-
mation of aspartic acid.  

In line with the reported thermochemistry, transamination 
reactions with glyoxylate generally yield significant amounts of 
glycine with glutamic acid, glutamine, alanine or aspartic acid. 
Slightly lower concentrations of glycine were observed when 
serine was used as amine donor. With pyruvate as substrate, 
only small amounts of alanine (5.7 mM) were formed when us-
ing glycine as amine donor, in line with the unfavorable ther-
mochemistry of the reaction. 

 
Table 3. Comparison of Theoretical and Experimentally Obtained Concentrations for the Cu2+-Catalyzed (20 mol%) Trans-
amination of Keto Acids (KA, 30 mM) and Amino Acids (AA, 45 mM) at 50 °C (1 M Phosphate Buffer, pH 7, 72 h).  

 
a Experimental thermochemistry from refs. 22,23 or derived from thermodynamic cycles as shown in the Supporting Information. b Cal-

culated based on the mass action law, the reactant concentrations, and the equilibrium constants (at 298 K) obtained via the relation DG0 = –
RTlnK using T = 323 K (values of K were not temperature corrected). c Concentrations were determined by quantitative 1H NMR spectros-
copy with dimethyl sulfone as an internal standard after removing metal ions with Chelex®. d Experimental thermochemistry not available. 
e Alanine is formed due to transamination to in-situ formed pyruvate.
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With glutamic acid, glutamine, or aspartic acid as amine do-
nors, 5.6 – 29.8 mM of alanine were obtained which were high-
est for aspartic acid due to above-mentioned side reaction. Sim-
ilar to the transamination of pyruvate with glycine, only small 
amounts of glutamic acid form in the reaction of a-ketoglu-
tarate with glycine. The formation of significant amounts of 
glutamic acid in the reactions of a-ketoglutarate with alanine, 
glutamine, and aspartic acid highlights the similar thermochem-
istry of these reactions. Serine, however, only transaminates to 
a minor extent to both a-ketoglutarate and pyruvate. 
Reaction Kinetics 

Transamination Reactions of Glyoxylate. The kinetics of 
the transamination reactions of glyoxylate and glutamic acid 
were studied in aqueous phosphate buffer at pH 7 by 1H NMR 
spectroscopy at 23 °C (Figure 2). The kinetics of the uncata-
lyzed reaction of equimolar amounts of glyoxylate and glutamic 
acid (30 mM) showed a first-order rate constant kobs = 
(2.89 ± 0.02) ´ 10–7 s–1, which corresponds to a half-life of 
t1/2 ≈ 28 days. Next, we tested the effect of metal ions on the 
reaction rates which were identified as most active in our initial 
screening. In contrast to most other investigated metal ions, the 
diamagnetic nature of V5+ allows the use of multinuclear NMR 
spectroscopy to follow the reaction progress. In the presence of 

phosphate ions at pH 7, the predominant vanadium species in 
the reaction is known to be a highly soluble mixed anhydride of 
phosphate and vanadate, as evident from the 51V NMR spectra 
(Figure 2A; see also the Supporting Information and Figure S5 
for details).25  

To study the nature of the vanadium species involved in the 
transamination reaction, 51V NMR studies were performed. 
During the reaction, 51V NMR indicated the presence of ca. 15% 
of broad resonances with shifts between –510 and –540 ppm 
(Supporting Information, Figure S6-8). The relative intensity of 
these resonances becomes larger with increasing concentration 
of amine and keto-acids relative to vanadate, suggesting an 
equilibrium process. 51V NMR shifts of similar magnitude were 
reported in the literature for mixed oxygen/nitrogen coordina-
tion.26 Accordingly, 2,6-dicarboxypyridine, which is expected 
to bind analogously to the imine formed from the condensation 
of keto- and amino acids, produced a similar 51V NMR shift (–
530 ppm) in the presence of NaVO3. Therefore, the 51V NMR 
resonances observed during the reaction are expected to be due 
to the formation of imine-vanadate chelates.  

 
 

 
Figure 2. (A) Vanadate-catalyzed transamination reaction of glyoxylate with glutamic acid. (B) 1H NMR kinetics (approximate concentra-
tions from qualitative NMR measurements) of the reaction of glyoxylate (30 mM) with glutamic acid (30 mM) in the presence of different 
amounts of NaVO3 and (C) dependency of observed rate constants kobs on the concentration of vanadate. (D) 1H NMR kinetics (concentrations 
from quantitative NMR measurements) of the reaction of glyoxylate (30 mM) with different amounts of glutamic acid (15 – 60 mM) in the 
presence of NaVO3 (30 mM). (E) Concentrations of all main species for the reaction 13C-labeled glyoxylate (30 mM) with glutamic acid (30 
mM) in the presence of NaVO3 (30 mM). (F) Quantitative 13C NMR spectra of the reaction of fully 13C labeled glyoxylate (30 mM) with 
glutamic acid (30 mM) in the presence of NaVO3 (30 mM) at different time points. Reactions in (B), (C), (E) and (F) were performed in 
0.92 M phosphate buffer, (D) in 1 M phosphate buffer, all at pH 7, 23 °C. Dashed lines correspond to the fitted kinetic curves (see the 
Supporting Information).  
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Next, 1H NMR spectroscopy was used to follow the time-
dependent concentrations of amino and keto acids. The increase 
in glycine concentration was found to follow first-order kinetics 
to afford the rates kobs (s–1) (Figure 2B). The first order rate con-
stants kobs correspond to the rate constants for the approach of 
the reaction to equilibrium with kobs = kforward + kreverse. As the 
equilibrium for the reaction of glyoxylate with glutamic acid is 
significantly exergonic (DG0 = –14.9 kJ mol–1, K = 414), the 
rates kobs correspond closely to kforward (see the Supporting Infor-
mation for a detailed discussion). Compared to the uncatalyzed 
reaction, the presence of 0.0030 M vanadate (corresponding to 
10 mol%) increased the reaction rate by a factor of 26, while 
with an equimolar concentration of vanadate, the reaction pro-
ceeds 200 times faster. However, further increase of the vana-
date concentration up to 0.18 M (corresponding to 600 mol%) 
did not result in a linear increase of the reaction rate, indicating 
complete binding of the substrate to the catalyst (Figure 2C). 

As evident from Figure 2B, the concentration of glycine (ca. 
20 mM) is significantly lower than would be expected from the 
reported thermochemistry given that the reactants were used in 
30 mM concentration. This observation was corroborated by 
following the kinetics of the reaction of glyoxylate in the pres-
ence of NaVO3 with different concentrations of glutamic acid 
(Figure 2D). The yield of glycine increased with higher concen-
trations of glutamic acid, but the conversion ceased after ap-
proximately 20 h, leaving unreacted glutamic acid behind. 
Throughout the reaction, the mass balance of glutamic acid and 
a-ketoglutarate add up to the expected concentrations. As ex-
pected, the concentration of a-ketoglutarate approximately 
equals the one of glycine which forms with identical reaction 
rate. However, the disappearance of glyoxylate could not be 
quantified by 1H NMR spectroscopy due to proximity of the 
resonance of glyoxylate hydrate with that of water. Therefore, 
doubly 13C-labeled glyoxylate, whose doublet resonance (J1H-

13C = 166 Hz) is sufficiently separated from the water resonance, 
was used as substrate (Figure S9). As illustrated in Figure 2E, 
the concentration of glyoxylate is consistently lower than ex-
pected from the conversion. To identify the fate of glyoxylate, 
we additionally studied the reaction by quantitative 13C NMR 
(Figure S10). Shortly after mixing, we observed broadening of 
the glyoxylate resonances (Figure 2F). Identical broadened 13C 
resonances were observed when mixing glyoxylate with 
NaVO3, suggesting the formation of vanadate-glyoxylate com-
plexes (Figure S11-12). At the end of the reaction, most of the 
13C-labeled material is present as glycine, however the broad-
ened resonance of glyoxylate still remains but is difficult to 
quantify. We therefore attribute the observed unavailability of 
glyoxylate during the reaction to the competing formation of 
vanadate-glyoxylate complexes as well as incorrect integration 
due to signal broadening. In contrast to previous studies at 
higher temperatures without metal catalysts, no direct decom-
position products of glyoxylate (e.g., to HCO3

–, oxalic acid, gly-
colic acid) were observed.20 

Next, we investigated the effect of changing the amine do-
nor on the reaction rates. Interestingly, the rate constants for the 
reactions with glutamic acid, glutamine, or alanine did not dif-
fer largely (Figure 3). A faster reaction rate was observed only 
for aspartic acid, which can be rationalized by the fast subse-
quent decarboxylation of the reaction product, oxaloacetate. 
The larger differences in conversion are, therefore, attributed to 
more pronounced differences in the reaction thermodynamics.  

 

Figure 3. 1H NMR kinetics of the reaction of glyoxylate (30 mM) 
with different amino acids (30 mM) in the presence of 30 mM 
NaVO3 (0.92 M phosphate buffer, pH 7, 23 °C). Dashed lines indi-
cate the fitted kinetic curves (see the Supporting Information). 

 

Figure 4. (A) Kinetics of the reaction of glyoxylate (30 mM) with 
glutamic acid (30 mM) in the presence of catalyst (15 mM) and (B) 
of the reaction of glyoxylate (30 mM) with glutamic acid (30 mM) 
in the presence of different amounts of CuCl2 as catalyst. Concen-
trations were determined by manual sampling/quantitative 1H 
NMR spectroscopy at 23 °C (1 M phosphate buffer, pH 7). (C) 
Concentrations of all main species for the reaction of 13C-labeled 
glyoxylate (30 mM) with glutamic acid (30 mM) in the presence of 
CuCl2 (15 mM); see Figure S13-14 for full NMR spectra. (D) Dou-
ble-logarithmic correlation to determine the reaction order in Cu2+. 
Dashed lines in (A-C) indicate the fitted kinetic curves (see the 
Supporting Information). 

As online NMR methods could not be performed in the re-
actions catalyzed by Co2+, Ni2+, and Cu2+, reactions were man-
ually sampled. When performed in pH 7 phosphate buffer, the 
reactions with Cu2+, Ni2+, and Co2+ are homogeneous when the 
concentration of the metal is lower than that of the amino acid. 
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Otherwise, a precipitate of M3(PO4)2 (M = Cu, Ni, Co) is 
formed. In line with our initial screening results, the relative rate 
enhancement observed for the transamination reaction of gly-
oxylate with glutamic acid was found to be Cu2+ > Ni2+ > Co2+ 
> V5+. Compared to the uncatalyzed reaction, 50 mol% of Cu2+ 
enhances the rate constant for the transamination reaction of 
glyoxylate with glutamic acid by more than 3 orders of magni-
tude, while Ni2+ increases the rate by approximately a factor of 
740 (Figure 4A). In line with the results from Table 1, the Ni2+-
catalyzed reaction is found to be slower than the Cu2+-catalyzed 
one but yields a higher concentration of glycine.  

The presence of just 1 mol% of Cu2+ causes transamination 
to proceed approximately 40 times faster than in the absence of 
a catalyst (Figure 4B) with the reaction being first order in Cu2+ 
(Figure 4D). Due to the limited solubility of Cu2+ in phosphate 
buffer, concentrations higher than 100 mol%, which would be 
expected to display saturation behavior similar to that observed 
with V5+ (Figure 2C), could not be investigated. However, as 
with V5+ catalysis, the Cu2+-catalyzed reaction does not reach 
complete conversion due to the apparent unavailability of gly-
oxylate at the end of the reaction (Figure 4C). Again, no decom-
position products of glyoxylate were detected, suggesting the 
competing formation of metal-glyoxylate complexes, for exam-
ple.  

Finally, we tested the effect of the buffer type and concen-
tration on the reaction kinetics at pH 7. When the Cu2+-cata-
lyzed reaction was performed in 0.1 M phosphate buffer instead 
of 1 M phosphate buffer, within the error limits identical rate 
constants for the reaction were observed. Analogously, the rate 
did not change significantly when the reaction was performed 
in 0.1 M PIPES buffer, a non-coordinating buffer (see the Sup-
porting Information Tables S39-41 for the individual experi-
ments).27   

 
Isotope Effects. To get further insight into the mechanism 

and the nature of the rate-determining step of the transamination 
with glyoxylate, the kinetics of the Cu2+- and V5+-catalyzed re-
actions were studied using deuterated alanine as substrate (Fig-
ure 5). When the reaction of glyoxylate with deuterated glu-
tamic acid was performed in non-deuterated buffer, only the 
formation of unlabeled glycine was observed, suggesting the 
mechanism involving deprotonation and subsequent re-proto-
nation by the solvent. These results are in line with the work of 
Richard et al., who studied the mechanism of the deprotonation 
of iminium ions formed from the condensation of glycine with 
carbonyl compounds (e.g., acetone, phenyl glyoxylate, PLP) in 
buffered D2O.28  

Kinetic isotope effects (KIE) were next investigated. Com-
pared to the reaction with non-deuterated glutamic acid, the use 
of d3-glutamic acid resulted in a decreased reaction rate and a 
reduction in conversion (Figure 5B/C). A comparison of the in-
itial rates suggests a KIE of 4.8 for the Cu2+-catalyzed process.29 
Analogously, the KIE was determined by 1H NMR kinetics for 
the V5+-catalyzed reaction as 6.1 (with 100 mol% NaVO3; see 
the Supporting Information). Such primary substrate KIEs are 
in line with a rate-determining deprotonation from I to I– (kB-,1, 
Figure 5D), followed by a fast re-protonation of I– to I’ via kBH,2. 
In the case of the Cu2+-complex, the assumption of a fast re-
protonation via kBH,2 (as opposed to kBH,1 to yield I again) can be 

justified based on the acidities pKa which were estimated from 
DFT calculations (Figure 5D, discussed later in the computa-
tional section) and the known relationship between basicities 
and rate constants for the protonation of an enolate carbon site.30 
Accordingly, once I– is formed, protonation will predominantly 
occur at the glyoxylate/glycine site. 

 

 

Figure 5. (A) Reaction of glyoxylate (30 mM) with d3-glutamic 
acid (30 mM). (B) Kinetics in the presence of 15 mM Cu2+ in 1 M 
phosphate buffer and (C) 30 mM NaVO3 in 0.92 M phosphate 
buffer at pH 7 at 23 °C. (D) Central intermediates and computed 
acidities pKa estimated from DFT computations (see the computa-
tional section).  

Transamination Reactions of Pyruvate. Compared to the 
transamination reactions of glyoxylate to glycine, that of py-
ruvate to alanine was generally found to require longer reaction 
times, higher temperatures or increased catalyst concentrations 
(Table 2). The kinetics of the reaction of pyruvate and glutamic 
acid in the presence of 50 mol% of Cu2+ or V5+ showed that both 
metals enhance the rate of transamination. In line with our ini-
tial results (Table 2), Cu2+ was found to be a more efficient cat-
alyst than vanadate (Figure 6A/B). However, when fitting the 
time-dependent alanine concentrations to a single-exponential, 
similar first-order rate constants were obtained for both the V5+- 
and Cu2+-catalyzed reactions. This can be explained by the slow 
competing decomposition of the vanadate, most likely to a V4+ 
species, as evidenced by the characteristic pale blue color ob-
served after 2 weeks.31 However, since the V5+-catalyzed reac-
tion reached significantly higher conversion to alanine at 50 °C 
(Table 2), we conclude that the longer reaction times at ambient 
temperature are problematic for the determination of reaction 
rates. Therefore, initial rates were used to estimate the relative 
effects of metal salts, which indicated that the reaction cata-
lyzed by Cu2+ is approximately one order of magnitude faster 
than V5+ (Figure 6A/B). Increasing the concentration of glu-
tamic acid had almost no effect on the rate of alanine formation 
with Cu2+ (Supporting Information).13b This suggests that the 
Cu2+-catalyzed transamination proceeds via an almost saturated 
catalyst.
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Figure 6. Kinetics of the reaction of pyruvate (30 mM) with D-glutamic acid (30 mM) in the presence of 15 mM CuCl2 (A) or NaVO3 (B) 
at pH 7 (1 M phosphate buffer) at 23 °C (For the analogous analysis with L-glutamic acid, see the Supporting Information; dashed lines 
indicate the fitted kinetic curves). Concentrations were determined by manual sampling/quantitative 1H NMR spectroscopy, and enantiomeric 
ratios were determined by chiral SFC analysis. (C) Mechanistic model for racemization/transamination illustrated starting from D-amino 
acids. (D) Rate constants for the racemization of L-amino acids (30 mM) in the presence of equimolar amounts of the corresponding a-keto 
acids and 15 mM CuCl2 or NaVO3 at pH 7 (1 M phosphate buffer) at 23 °C as determined from manual sampling/chiral SFC analysis. [a] 
Due to the small equilibrium constant of the reaction (K = 1.52),22 the rate constants kobs shows a significant contribution of the reverse 
reaction with kforward = 8.75 x 10–7 s–1 and kreverse = 5.75 x 10–7 s–1.

Racemization vs Transamination. By using enantiomeri-
cally pure L- or D-glutamic acid as reactants, the concentration 
of all chiral species involved during the transamination process 
can be tracked over time (Figure 6A/B, see the Supporting In-
formation for details).32 In this way, both the forward (transam-
ination) and backward (racemization) reaction can be followed 
simultaneously. Reprotonation can either occur at the same site 
as deprotonation (Figure 6C, blue label), resulting in racemiza-
tion, or, alternatively, on the other side, resulting in transamina-
tion (orange label). As shown in Figure 6A, we found that in the 
Cu2+-catalyzed reaction of pyruvate with L- or D-glutamic acid, 
racemization of glutamic acid proceeds approximately 3.9 times 
faster than the transamination to alanine (Figure 6A). Analo-
gously, analysis of the initial rates in the V5+-catalyzed reaction 
suggested an approximately 4.6-times faster racemization com-
pared to the transamination (Figure 6B). In the pathway in Fig-
ure 6C, racemization might occur either due to the reprotonation 
of the azomethine-ylide intermediate, or due to a secondary re-
action, such as the direct racemization of the amino acid by the 
metal or through a “transamination” with the reaction product 
(a-ketoglutarate). To differentiate between a direct racemiza-
tion and these two secondary processes, we initially studied 
whether glutamic acid (or analogously, alanine) racemizes in 
the presence of Cu2+ or V5+ in the absence of keto acids. As ex-
pected, both amino acids did not show any detectable racemi-
zation. Next, we determined the rates of the racemization of a 

mixture of glutamic acid and a-ketoglutarate and, analogously, 
of alanine and pyruvate (Figure 6D). A comparison of the initial 
rate of formation of L-glutamic acid from Figure 6A (kinit ≈ 5.4 
x 10–5 mM s–1) with the rate of racemization in the presence of 
a-ketoglutarate under otherwise identical reaction conditions 
(kinit ≈ 7.3 x 10–6 mM s–1) demonstrates that racemization pre-
dominantly occurs during re-protonation of the azomethine 
ylide and not as a subsequent step.  

As expected from the loss of the deuterium label during the 
related transamination with glyoxylate (Figure 5), the reaction 
of pyruvate with enantiomerically pure glutamic acid yields al-
anine as a mixture of the D- and L-enantiomers, as chiral infor-
mation is lost in the planar azomethine ylide intermediate (Fig-
ure 6C). However, even if the initial transamination reaction 
would proceed with a slight preference for D- or L-alanine, the 
racemization of alanine with pyruvate with both Cu2+ or V5+ cat-
alysts is faster than formation of alanine (Figure 6D). 

How can the relative rates of racemization (kreprot) and trans-
amination (kreprot’) of the azomethine ylide be rationalized? As 
discussed above, the Cu2+-catalyzed reaction seems to proceed 
via an almost saturated catalyst. Accordingly, in the presence of 
50 mol% catalyst the reaction kinetics will predominantly re-
flect the interconversion of the two copper-imine chelates and 
the reactions for their formation can be neglected.33 It has been 
shown that the rate constants for protonation of an enolate car-
bon site are linearly correlated with the basicities of the 
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respective enolates.30 The higher the basicity of an enolate car-
bon atom, the faster its protonation by an acid, e.g., H3O+, H2O, 
or H2PO4

– from the buffer. Therefore, the observation that glu-
tamate racemizes faster than alanine forms, suggests that the ba-
sicity of the blue carbon atom of the azomethine ylide in Figure 
6C is higher than that of the orange carbon atom. The validity 
of this interpretation will be verified in the following sections 
by means of DFT computations. 
Quantitative Analysis of the Reaction Mechanism 

Reaction Mechanism and Energy Profile. On the basis of 
our kinetic studies, which show the catalytic nature of the reac-
tion, and of the established structures of metal-imine che-
lates,21,13b we proposed the reaction mechanism depicted in 
Scheme 1. The reaction initiates by forming small amounts of 
an iminium ion I–1. Exchange of H+ for the transition metal re-
sults in a metal-imine complex I–2. Deprotonation of I–2 yields 
the fully conjugated azomethine ylide I–3 which upon re-proto-
nation forms either the original imine adduct I–2 or the isomeric 
I–2’. Hydrolysis of I-2’ finally liberates the reaction products. 
In the presence of catalytic amounts of metal, the whole se-
quence is reversible and will result in concentrations of amino 
and keto acids depending on the relative energies of reactants 
and products.22,23 By forming the metal-imine chelates I-2, 
metal ions can influence the rate of the transamination sequence 
through two predominant mechanisms, which are not mutually 
exclusive. Either they can increase the concentration of the re-
active imine intermediate, by enforcing a higher binding con-
stant, or they can increase the acidity of the CH moiety in I-2 
and therefore the rate of deprotonation to I-3. Alternatively, the 
transamination reaction can also proceed via a significantly 
slower metal-free pathway through direct deprotonation of the 
iminium species I-1 to azomethine ylide I-4. 
 
Scheme 1. Proposed Reaction Mechanism for Catalytic 
Transamination 

 
To get further insights into the reaction mechanism, we per-

formed DFT calculations of the V5+-catalyzed reaction pathway 
using the MN15/Def2-TZVP level of theory considering 

solvation by the SMD solvation model for water as included in 
the Gaussian package.34 The MN15 functional was chosen be-
cause it was previously shown to be broadly applicable for var-
ious bonding situations, including transition-metals.35 The full 
Gibbs energy profiles for the uncatalyzed and vanadate-cata-
lyzed reaction of glyoxylate and pyruvate with glutamic acid 
are depicted in Figure 7. The key steps of the reaction are dis-
cussed below based on both experimental results and our DFT 
computations.  

Step 1 – Imine Formation. The general mechanism of 
imine formation starting from amino and keto acids has previ-
ously been studied both experimentally and computationally.36 
The observation of a significant deuterium isotope effect for the 
Cu2+- and V5+-catalyzed reactions of glyoxylate with glutamic 
acid (Figure 5) points to rate-determining deprotonation. We 
therefore consider imine formation to be comparably fast and 
focused our analysis of this step exclusively on the thermo-
chemistry. However, few experimental equilibrium constants 
for the reaction of amino acids with a-keto acids to yield 
imine/iminium ions I-1 in aqueous solutions are known due to 
the practical challenges associated with their determination.37,38 
To still get insight into the thermochemistry for the systems rel-
evant to our study, we therefore used DFT computations (Table 
4). Our computations (Table 4, Figure 7) suggest that the for-
mation of the iminium ions I-1 is weakly exergonic with glycine 
or alanine, in line with available experimental values,37 and en-
dergonic with glutamic acid. The more unfavored thermochem-
istry in the case of glutamic acid found in the computations can 
be attributed to the disruption of the intramolecular hydrogen 
bond between the terminal carboxy and the amino group in the 
reactant, which cannot form in the iminium ion I-1. This initial 
endergonic step can be compensated to a certain degree by the 
formation of metal chelates. For example, complexation with 
V5+ is energetically slightly favored according to our computa-
tions (Figure 7). 

 
Table 4. Gibbs Free Energy (kJ mol–1) for Iminium For-
mation (SMD(H2O)/MN15/Def2-TZVP).a  

 
 amino acid 

Keto acid glycine alanine glutamic acid 
glyoxylate –1.6 –1.0 +9.9 
pyruvate –12.9  –9.1  +3.9 

a-ketoglutarate –13.7 –10.8 +10.3 
a in aqueous solution, the predominant form of glyoxylate is the 

hydrate with DG0 = –6.7 kJ mol-1.39  

A more complex situation arises in the presence of other 
metal ions due to the large number of possible species. Detailed 
investigations on the pH-dependent species distribution in the 
reactions of pyruvate and glyoxylate with different amino acids 
in the presence of Ni2+ and Zn2+ ions have been performed by 
Leussing.21f` In the Ni2+-glyoxylate-alanine system, the predom-
inant species at neutral pH are complexes with the imine (1:1 
and 1:2 complexes are possible). Stability constants for the 
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keto/amino acid systems with metals were only reported with 
Ni2+ and Zn2+. However, Leussing found that the stability con-
stants with the imine ligand are of similar magnitude than those 
with iminodiacetic acid, which are reported for many metal ions 
(Table 5).21f` The highest stability constants were observed with 
Cu2+, followed by Ni2+ and Co2+, a ranking agreeing with the 
reactivity order of the metals identified in our kinetic studies 
(Figure 4B).  
Table 5. Stability Constants lg K  for Complexes of Imino-
diacetic acid with Different Divalent Metals at 20 °C.40 

 
Metal H+ Fe2+ Co2+ Ni2+ Cu2+ 

lg b 9.45 5.8 6.97 8.19 10.6 
 
Step 2 – Deprotonation. Deprotonation of the iminium 

species I-1 or metal-imine chelate I-2, to yield I-4 or I-3, re-
spectively, can occur by either HPO4

2– ions from the buffer by 
means of general base catalysis or hydroxide ions in the sol-
vent.12e,28b,28d,30,41,42 Since the concentrations of hydroxide and 
HPO4

2– stay almost constant during the reaction, pseudo-first 
order kinetics result for the deprotonation (Figures 2-6). How-
ever, the vanadate ions in the pathways in Figure 7 do not only 
affect the reaction by the energetics of chelate formation. Com-
paring the relative Gibbs energies of I-2/I-3 (DG0 = +27.6 kJ 
mol-1 for glyoxylate/glutamate) and I-1/I-4 (DG0 = +49.3 kJ 
mol-1 for glyoxylate/glutamate) in their deprotonation reaction 
with HPO4

2– indicates that the CH group is more acidic in the 
vanadate complex I-2 than in the iminium ion I-1. In line with 
the higher acidity of I-2 compared to I-1, computations found a 
lower activation barrier for the deprotonation of I-2 than for I-
1 by HPO4

2–. Accordingly, the role of vanadate as catalyst can 
be assigned to reducing the barrier for deprotonation by increas-
ing the acidity of I-2 compared to I-1. The relationship between 
the acidity of the substrate and the barrier of deprotonation was 
found to hold for all studied substrates as shown in the 
Brønsted-type correlation in Figure S21. Generally, the same 
trends as found with HPO4

2– were observed when the transition 
states were studied with hydroxide acting as base (solvated with 
an explicit water molecule; see the Supporting Information). 
Due to the higher basicity of hydroxide compared to HPO4

2–, 
the deprotonation reaction proceeds via lower activation barri-
ers and is more exergonic. However, the concentration of hy-
droxide at pH 7 is almost seven orders of magnitude lower than 
that of HPO4

2–. Accordingly, both bases can be expected to be 
involved in the reaction. For the vanadate-catalyzed reaction, 
the mixed vanadate/phosphate anhydride might act as base via 
either the vanadate or phosphate sites. However, computations 
indicate a slightly higher activation barrier for deprotonation of 
I-1 by the anhydride than by HPO4

2–
, rendering this option less 

likely (see Supporting Information S146 for details). 
In the case of the reaction between pyruvate and glutamic 

acid, racemization studies (Figure 6A/B) in the presence of both 
Cu2+ and vanadate suggested that re-protonation is rate-deter-
mining. For the vanadate-catalyzed reaction, the experimental 
ratio of the rates of racemization and transamination of 4.6 (Fig-
ure 6B) translates to a difference in the activation barriers DDG# 

= 3.7 kJ mol–1. In line with those experiments, the DFT compu-
tations in Figure 7B correctly predict that the activation barrier 
for protonating the pyruvate site of I-3 via TS2V is 3.6 kJ mol-1 
higher than re-protonation at the glutamate site via TS1V, the 
latter additionally being less basic. However, our computations 
showed higher errors in reproducing the thermochemistry of the 
transamination reactions. We attribute this to a systematic error 
due to the insufficient description of aqueous solvation by the 
implicit solvation model used in our studies.   

Acidities of Imines and Roles of Different Metals. The 
observation that the de- or re-protonation step is rate-determin-
ing for the overall transamination reaction suggests that the 
imine C-H acidity (pKa) can predict, in part, the reaction rate 
and whether de- or re-protonation is rate-determining.  

The relationship between the rate constants and pKa for the 
deprotonation of amino acids and iminium ions has been exten-
sively studied by Richard and coworkers by measuring the rate 
constants of deuterium exchange of the amino acids’ CH pro-
tons.28 To connect the systems investigated in the present study 
to Richard’s experimental acidities, we again used DFT com-
putations. As discussed in detail in the Supporting Information, 
a set of 12 imines and iminium ions for which experimental pKa 
values are known were calculated by DFT to give the acidities 
pKa,DFT. The linear correlation of experimental pKa with com-
puted pKa,DFT values (Figure S17) can thus be used to link com-
puted acidities to known experimental values, reducing the ab-
solute error of the DFT computations. Figure 8 shows the pre-
dicted acidities of imines and iminium ions (pKa,corrDFT) result-
ing from the combination of glyoxylate, pyruvate and a-ke-
toglutarate with glycine, alanine and glutamic acid, as well as 
those of the metal-imine complexes with Cu2+ and V5+ ions. Ad-
ditionally, the imine chelate derived from glyoxylate and gly-
cine was studied with Co2+ and Ni2+ ions. The computed acidi-
ties of the CH-protons of the iminium ions range from 13.9 to 
20.6, thus being within the range of experimental values re-
ported by Richard.28g In line with experimental findings, our 
computations predict that iminium ions are 6 to 10 pKa units 
more acidic than the respective imines.28g Analogously, the 
imine-metal complexes are more acidic than the imine alone, 
though to different extents. 

Generally, we found that imine species derived from glyox-
ylate have a higher acidity than those derived from pyruvate and 
a-ketoglutarate. However, the effect of the amino acid partner 
on the acidity is not as systematic. For the imines derived from 
pyruvate and a-ketoglutarate, the highest acidities are observed 
with glycine as the amino acid fragment. In line with the com-
puted Gibbs energy profile (Figure 7), the comparison of the 
imines’ pKa values suggests that the reaction of glyoxylate with 
alanine or glutamate proceeds via rate-determining deprotona-
tion, while the reaction of pyruvate with glutamic acid features 
rate-determining re-protonation (vide supra).  

Moreover, the acidities in Figure 8 now allow us to assess 
the predominant way by which different metal ions catalyze 
transamination. Coordination of Cu2+ generally results in an 
identical or even slightly weaker activation of the CH acidity 
compared to the iminium ions, where H+ is coordinated. This 
observation is in line with Toney’s finding that Al3+ is a weaker 
activator of imines compared to H+.12h Like Cu2+, coordination 
of Co2+ does not significantly increase the acidity of the imines’ 
CH proton, as shown for the glycine/glyoxylate pair.  
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Figure 7. Gibbs energy profile for the uncatalyzed (grey) and vanadate (green) catalyzed reaction of (A) glyoxylate with glutamic 
acid and (B) pyruvate with glutamic acid calculated at the SMD(H2O)/MN15/Def2-TZVP level of theory using HPO4

2- as base for 
the de-/re-protonation step. Inserts: Structures of the located transition states for the deprotonation reaction of the vanadate chelates. 
[a] Gibbs energies calculated based on the difference of pKa values (see Supporting Information).   
 

 

Figure 8. Quantum-chemically calculated pKa,corrDFT values of the imine species (keto acid moiety: red; amino acid: blue) calculated at the 
SMD(H2O)/MN15/Def2-TZVP level of theory, corrected with the experimental pKa values (H2O, 25 °C) from ref. 28g as outlined in the 
Supporting Information. Arrows indicate the nature of the rate determining step (RD) for a specific direction of the reaction (Depr.: depro-
tonation; Repr.: Reprotonation).  
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Accordingly, the catalytic activity of Co2+ and Cu2+ can be 
predominantly assigned to the high stability of the metal-imine 
complexes and not to activation of the substrate. 

With Ni2+ and V5+, however, the acidity of the imine ligand 
is generally enhanced compared to the protonated imines. For-
mation of the V5+-imine complexes is only slightly exergonic 
and accordingly the catalytic activity of V5+ in transamination 
reactions can be mostly attributed to the increase of acidity of 
the substrates. With Ni2+, however, the stability constants deter-
mined by Leussing for the pyruvate/Ni2+ system suggest that 
also high amounts of the imine-Ni2+ chelates are formed.21b-e 
Accordingly, the catalytic activity of Ni2+ can be attributed both 
to strong chelation and to activation of the CH acidity. 

Conclusion 
Transamination reactions have been known for decades to 

occur in the absence of enzymes. While non-enzymatic trans-
amination involving PLP has been studied with and without ad-
ditional metals, it was not known to what extent metals alone 
can act as catalysts under biological conditions, or even whether 
they can display catalytic turnover. In this work, we have shown 
that Co2+, Ni2+, Cu2+ and V5+ ions can, not just promote, but ef-
ficiently catalyze transamination reactions even without PLP 
(up to 2700-fold acceleration in the case of 50 mol% Cu2+). A 
combination of kinetic and mechanistic experiments together 
with DFT calculations provided insights into the key steps of 
the reaction and a rationale for the two major ways in which 
metals can catalyze transamination reactions.  

Co2+ and Cu2+ primarily increase the rate of transamination 
by increasing the available concentration of the reactive metal-
imine chelate intermediates. V5+ predominantly speeds the rate 
by increasing the acidity of the imine chelate’s CH-protons, 
which in turn increases the rate constant for the key deprotona-
tion step. Ni2+ works by both of these mechanisms to a certain 
extent. In metal-catalyzed transamination reactions, both de- or 
re-protonation can be the rate-determining step of the overall 
sequence, depending on the reaction partner, as supported by 
racemization experiments. Acidity constants of the iminium 
ions or metal-imine chelates can be used to predict both the na-
ture of the rate-determining step, as well as the extent of activa-
tion of different combination of amino/keto acids and catalysts. 

When using enantiopure glutamic acid as reactant, chirality 
is not transferred to the product (Figure 6). This highlights one 
of the key functions of enzymes in transamination reactions that 
cannot be achieved in non-enzymatic metal-catalyzed reactions 
in a straightforward way: the control of stereochemistry. None-
theless, the mild conditions under which the metal ion-cata-
lyzed reaction operates and the specific mechanistic insight 
gained in the current study raises the possibility that biological 
transamination might have undergone an evolutionary progres-
sion from metal catalysis to PLP catalysis to PLP/transaminase 
catalysis without a fundamental change to the mechanism. This 
makes transamination a rare metabolic process in which the 
mechanism is well understood across metal ion, co-factor, and 
co-factor/enzyme catalysis. Obtaining mechanistic insight into 
how both biological and non-biological catalysts enable meta-
bolic processes under biological conditions should continue to 
illuminate how they emerged from the earliest stages. 
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