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Introduction 
 

Phosphoenolpyruvate (PEP) is a high-energy intermediate occurring both in glycolysis and in glucogenesis. An enol phosphate has a 
high phosphoryl-transfer potential, whereas the phosphate ester, such as 2-phosphoglycerate, of an ordinary alcohol has a low one. 
The ΔG°´ of the hydrolysis of a phosphate ester of an ordinary alcohol is -3 kcal mol-1 (- 13 kJ mol-1), whereas that of PEP is    -14.8 
kcal mol-1 (- 62 kJ mol-1). The phosphoryl group stabilizes the enol form. When the phosphoryl group has been donated to adenosine 5'-
triphosphate (ATP), the enol undergoes a conversion into the more stable ketone - namely, into pyruvate. Hence, hyperpolarized 
pyruvate is formed, and hyperpolarized ATP is generated concomitantly (Fig. 1), or alternatively via a DNP approach.  
 

Method and Results 
 

To apply 13C-MRI1 or 13C-MRS requires signal enhancement of the molecules to be monitored. This can be accomplished either  via 
Dynamic Nuclear Polarization (DNP) using stable free radicals and microwave pumping or using ParaHydrogen Induced Polariza-tion 
(PHIP)2. If PEP is hyperpolarized via PHIP at low field, the associated initial 1H-hyperpolarization is also directly transferred from the 
former parahydrogen protons to the 13C and 31P of PEP. The subsequent conversion of PEP into pyruvate and ATP pro-vides an 
alternate access to 13C-hyperpolarized pyruvate in addition to the previously accomplished 13C-hyperpolarization based on DNP. 
Simultaneously, the 31P-hyperpolarization is transferred to ATP, from where it may end up in a variety of follow-up products that need 
ATP for their formation. The high phosphoryl-transfer potential of PEP arises primarily from the large driving force of the subsequent 
enol / ketone conversion, whereby the virtually irreversible transfer of a phosphoryl group from PEP to adenosine 5'-diphosphate (ADP) 
is catalyzed by pyruvate kinase. Figure 1 outlines the individual steps of both glycolysis and gluconeogenesis. 
 

 
Fig. 1: The transformations in glycolysis & gluconeogenesis. The usual precursors don’t qualify to introduce 13C-hyperpolarization.     
 

To hyperpolarize vinylidene groups (i.e., such as the H2C=C-group in PEP), other precursors are a prerequisite, such as complexes 
based on Co as the central atom rather than on the usual rare metals Rh, Pd, Pt, or Ir. Figure 2 depicts the general structure of such 
trinuclear Co-complexes for arbitrary substituents X and Y. Apart from that, PEP itself qualifies as an unsaturated precursor.    

            
 

Fig. 2: Cobalt complex providing access to hyperpolarized vinylidene compounds such as PEP; 1H- and 13C-PHIP spectra.  
 

Discussion and Conclusions 
As an alternative to the previous DNP-based approach3, PHIP provides an alternate pathway to 13C-hyperpolarized pyruvate via 
phosphoenolpyruvate. The 31P-hyperpolarized phosphate group is transferred to ATP and on to other molecules formed aided by ATP. 
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