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Supplemental Information S1. 

Materials 

Glycine (≥98.5%), 13C2 – Glycine (99 atom % 13C), paraformaldehyde (powder, 95%), 13C – formaldehyde 
(20 wt. % in H2O, 99 atom % 13C), L-serine, sarcosine, sodium hydroxide (NaOH), and LC-MS grade water 
were all purchased from Sigma-Aldrich and used as is.  

Reactions of Glycine and Formaldehyde 

Glycine (unlabeled and 13C2 – labeled) was dissolved in pH 6, 8 or 10 aqueous sodium phosphate 
buffered solution. Varying molar equivalents of formaldehyde (unlabeled and 13C – labeled) were then 
added to the glycine solution. The resulting mixtures was allowed to react at RT, 50°C and 70°C for 
periods up to two weeks. By varying the stoichiometry, temperature and pH, the optimal reaction 
conditions for glyoxylate yield could be determined. 

13C NMR Analysis 

13C NMR data were obtained using a Bruker Avance II-500 spectrometer and a Bruker Avance III-400 
spectrometer. Deuterated DMSO was used as the lock solvent in a sealed 1mm capillary containing 13C1 - 
acetic acid as an external standard. Qualitative data were collected with 1H-13C decoupling using 30 
degree pulse angle with a scan time of 2 sec and delay time of 1 sec between scans. The number of 
scans collected was 256 through TopSpin 3.0 software and processed using MestReNova NMR software 
by Mestrelab Research S. L. 

Quantitative 13C NMR  

The T1 relaxation times for glycine, formaldehyde, glyoxylate, sarcosine, bicarbonate, and carbon dioxide 
were obtained from an inversion recovery experiments. The longest T1’s were those of glyoxylate at 25 
seconds. Based on this T1, reasonable quantitative data was collected using a 90 degree pulse and 5T1 

relaxation time. 

Quantitative 13C NMR data were collected using a 90 degree 13C pulse sequence with a delay time of 120 
seconds (5 times the longest T1 ). A total of 16 scans were taken after which the concentration of the 
relevant species were calculated using their normalized integrals and an effective acetic acid 
concentration of 0.19M.  

Determination of the Effective Concentration of Acetic Acid 

13C NMR analysis interrogates the active volume of the NMR tube used, which is dependent on the 
internal diameter of the probe. The active volume of the capillary, containing the 13C1-Acetic Acid as our 
external standard is relatively small compared to the active volume of the aqueous glycine – 
formaldehyde reaction in the 5-mm probe. Hence, the measured concentration of the acetic acid within 
the capillary is less than its actual concentration, and an “effective” concentration of the acetic acid is 
needed for reliable quantitative analysis of the reaction samples.  



This effective concentration of acetic acid in the capillary was determined in separate experiments using 
previously reported methods. [1] 

Briefly, a 1 molar solution of glycolic acid in water was added to the 5mm NMR probe followed by the 
addition of the sealed acetic acid/DMSO capillary. A quantitative 13C NMR spectrum was collected using 
the T1 times measured above. The effective concentration of the acetic acid was calculated by 
comparing the normalized integrals of acetic acid to the glycolic acid using equation 1 below. The 
glycolic acid was not enriched with 13C, and so the signal observed in the NMR spectrum arises from the 
1.07% natural abundance of the isotope. Factoring in this natural abundance, an effective concentration 
of 0.19M was determined for our acetic acid capillary. Since the same capillary is used for all subsequent 
experiments, the active volume of the acetic acid remains constant and is not a factor in the analysis of 
our reaction samples. 

 

=  ×   × 1.07%          (  1) 

 

High Resolution Mass Spectroscopy 

All MS and tandem MS-MS were performed on a Waters Synapt G2 HDMS system in negative-ion, ESI-
TOF resolution mode (m/Δm = 20,000 FWHM).  Aliquots of reaction mixtures were diluted 100 fold (1uL 
of reaction sample dissolved in 999uL of LC-MS water) for analysis. Machine Parameters: Direct injection 
with an injection flow rate of 5µl/min and capillary voltage of 2.00 kV. For tandem MS-MS, CID 
fragmentation was performed in the transfer collision cell with collision energy 11keV. 

 

 

 

 

 

 

 

 



Supplemental Information S2. 

Spiking Experiments 

13C NMR spectra of 13C2 -glycine + formaldehyde (2:1 mole eq.) reacted in a pH 8 phosphate buffer at 
50oC (a) After 10 days of reaction, followed by (b) Spiking with standards of L-serine and sarcosine 
(N_methylglycine). 

 

Supplemental Information S2a - 13C NMR spectra of 13C2 -glycine + formaldehyde (2:1 mole eq.) 
reacted in a pH 8 phosphate buffer at 50°C (a) After 10 days of reaction, followed by (b) Spiking with 
standards of serine and sarcosine 

The reaction was allowed to proceed for 10 days which resulted in the formation of sarcosine (~50 ppm) 
and serine (~56 ppm). The reaction sample was then spiked with sarcosine followed by spiking with 
serine; a 13CNMR analysis was conducted in between each spiking. Supplemental Information S2b 
shows the 13CNMR spectrum after the reaction mixture was spiked with both sarcosine and serine. The 
unlabeled standards show up as singlets directly between the doublets attributed to the doubly labeled 
species. The singlet at ~60ppm represents the CH2-OH carbon of the serine which was derived from 
unlabeled formaldehyde.  



 

Supplemental Information S2b -  13C NMR spectra of 13C2 -glycine + formaldehyde (2:1 mole eq.) 
reacted in a pH 8 phosphate buffer at 50oC (a) After 10 days of reaction, followed by (b) Spiking with 
standards of serine and sarcosine  

Supplemental Information Sb displays the full spectrum shown in Supplemental Information S2a.  A 
singlet at ~32ppm (barely visible in the above spectrum) is observed after spiking with sarcosine.  This 
singlet is attributed to the unlabeled N-CH3 carbon of the sarcosine.  In addition, a singlet appearing at 
~171.5ppm (directly between the doublet) is observed which is consistent with the carboxylate carbon 
of the sarcosine.  The N-CH3 carbon of sarcosine, which is derived from formaldehyde, is unlabeled and 
barely visible at 32 ppm in the above spectrum.  However, in Supplemental Information S4, where 
labeled formaldehyde was employed, the absorption attributed to the N-CH3 is clearly visible. 

 

 

 

 

 



Supplemental Information S3. 

 

Supplemental Information S1 - High Resolution Mass Spec of 13C2 –glycine / unlabeled glycine + 
formaldehyde (1:1 mole eq.) reacted at 50°C for 3 days  

Supplemental Information S3 is the high resolution mass spectrograph of the analysis of two separate 
experiments: (a) the reaction of unlabeled glycine with unlabeled formaldehyde and (b) the reaction of 
13C-labeled glycine with unlabeled formaldehyde. Both reactions were conducted with glycine and 
formaldehyde in a 1:1 molar ratio at 50°C at pH 8.  The exact masses for sarcosine and double labeled 
sarcosine match the observed results with a 2 mass unit difference. Running both a labeled and 
unlabeled reaction simultaneously allowed for facile identification of important species through mass 
pattern differences of 2 mass units. 

 

 

 

 

 



Supplemental Information S4. Reaction of 13C-labeled formaldehyde with unlabeled glycine. 

 

It was speculated that sarcosine was derived from the reduction of the methylene iminium intermediate 
4 via a hydride transfer from formaldehyde hydrate.  This should result in the formation of formate.  In 
order to provide evidence for this reaction pathway 13C-labeled formaldehyde was employed in the 
reaction with unlabeled glycine at 50oC and pH 8.  The 13C NMR spectra above show the formation of 
labelled formate as a singlet at ~170 ppm. This assignment was further confirmed by spiking 
experiments. 

 

 

 

 

 

 

 

 



 

Supplemental Information S5. 

Serine-Promoted Transamination of Glyoxylate 

 
13C NMR spectra of 13C2 -Glyoxylate and L-Serine reacted at 50°C in a pH 8 phosphate buffer. 

Supplemental Information S5 displays the 13C NMR spectra of glyoxylate 2 with L-Serine reacted at 50oC 
in a pH 8 phosphate buffer. At 0 days, the doublet associated with the hydrated form of 2 is clearly 
visible at ~87 ppm. As the reaction progresses, this absorption rapidly decreases; all glyoxylate gone by 
day 4.  The diastereomers of the initial adduct are observed ~ 90ppm (see below).   

 

It is important to note that the singlet at 161 ppm, attributed to bicarbonate (HCO3
-), steadily increases 

with time, representing an irreversible pathway which consumes glyoxylate.  In addition, after 1 day, 



signals attributed to doubly labeled glycine 1 can be observed indicating that transamination is 
competing with decarboxylation.  The purchased 13C-labeled glyoxylate had minor amounts of 13C-
labeled glycolate and 13-labeled oxalate as impurities; the signals around 62 ppm and 180 ppm are those 
of glycolate and the signal around 173 ppm is that of oxalate.  The formation of formate at around 170 
ppm has not been accounted for. 

Supplemental Information S6. 

Supplemental Information S6a: Serine-Promoted Transamination of Glyoxylate- Postulated 
Reaction Pathway 

  

 

 

 

 

 

 



 

 

Supplemental Information S6b: Alternative Pathway for the Formation of Labeled Glycine: 
Serine containing 13C-label at the carboxyl carbon would demonstrate if this pathway was 
operating; the HCO3

- produced with be labeled with 13C. 

                                                               


