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General information

l. Materials

Unless otherwise noted, all reagents and solvents were purchased from Sigma-Aldrich, Fluka, TCI, Acros organics, or
Carbosynth, and used without further purification. Water was obtained from a Milli-Q purification system (18.2 MQcm).
All reactions were carried out in 2 mL BRAND® microcentrifuge tubes with lids. Experiments were carried out in a
Thermo Scientific™ Digital Heating Shaking Drybath without using stir bars. pH values were measured using a Mettler
Toledo FiveGo F2 pH-meter equipped with a Mettler-Toledo InLab® Flex-micro pH electrode.

1. NMR and mass spectroscopy
A. NMR spectroscopy

1H and 3P NMR spectra were recorded on a Bruker Avance Neo-500 (500 MHz) or Bruker UltraShield Plus Avance IlI
spectrometer (400 MHz) at ambient temperature (23 °C) in a H20:D20 mixture (9:1) as solvent or D20. Dimethyl sulfone
DMS (8 = 3.00 ppm in *H NMR) and phosphonoacetic acid (6 = 15.7 ppm in 3P NMR) were used as internal standards.

Data are reported as: multiplicity (br = broad, s = singlet, d = doublet, t = triplet, q= quartet, m = multiplet), integration
and coupling constant(s) in Hz.

Unless otherwise stated, the following parameters were used for the different NMR experiments:

Experiment Pulse sequence Pulse delay (d1) | Number of scans | Coupling constant (Hz)/
(ns) Mixing time (ms)

H zg30 2s 16

1H water suppression | noesygpprld 2s 16

31P (*H coupled) zgdc30 3s 64

31p (*H decoupled) zgesfpgp 2s 16

gNMR (*H) zg30 45 0r 60 s 8 or16

gNMR (31P) zgpg30 60s 8

HMQC (*H-31P) hmbcgpndgf 15s 4 8 Hz

13C zgdc30 25s 8192 or 512

HSQC (*H-13C) hsqgcedetgpsisp2.2 0.25 8

HMBC (*H-13C) hmbcetgpl2nd 0.3 14

NOESY (*H —H) noesygpph 03s 16 800 ms

HOESY (*H-%'P) hoesyetgp.2 3s 256 800 ms

HMBC (*H-5N) hmgcgpqgf 05s 32 8 Hz

Integration was performed using MestReNova v14.3.1 software.

B. HRMS spectroscopy

High resolution mass spectrometry (HRMS) analysis was performed on a Thermo Scientific Exactive Plus EMR (ESI-
Orbitrap) using electrospray ionization (ESI).



Il Analytical methods

General procedure | (GP-I) for NMR sample preparation: After the reaction, 800 uL of MQ water were added to the
paste. After shaking for 30 min to 1 h, mixtures were completely dissolved, and NMR samples were prepared by taking
500 pL of the reaction mixture and adding 50 pL of a 23.6 mM stock solution of DMS (dimethyl sulfone in D20) and 50
pL of a 155.4 mM stock solution of phosphonoacetic acid as internal standards.

A. Product identification by *H and 3!P NMR
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Figure S1. 'H and 3P NMR of the mixture of the starting material (pyruvic acid PYR and its hydrated form hydroxy-pyruvic acid H-PYR in gray), the

product (phosphoenolpyruvate, PEP in blue), and the two internal standards (dimethyl sulfone, DMS in red and phosphonoacetic acid in green) used in
this study. The mixture was prepared in H20:D20 mixture (9:1) as solvent without adjustment of the pH (pH 1). A. *H NMR (400 MHz, ns = 16, d1 = 2s);

B. 3P NMR (400 MHz, ns = 16, d1 = 2s).

B. Stability of the product in highly acidic condition (in the presence of P4O10, pH 1)
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Figure S2. 'H and 3P NMR of the product (phosphoenolpyruvate, PEP in blue) in the presence of P4O1o both dissolved in H20 and the two internal
standards (dimethylsulfone, DMS in red and phosphonoacetic acid in green). The mixture was prepared in a H20:D20 mixture (9:1) as solvent at pH 1
without adjustment. A second measurement was performed after 24 h to evaluate the stability of PEP in these conditions. A. *H NMR (400 MHz, ns =
16, d1 = 2 s); B. 3'P NMR (400 MHz, ns = 16, d1 = 2 s) with calibration at 0 ppm for HsPOa. P4O10 decomposes to phosphoric acid and other



polyphosphates.¥! C. *H NMR (400 MHz, ns = 16, d1 = 2 s) quantification of PEP hydrolysis after 24 h according to the internal standard (roughly 7%).
D. 3'P NMR (400 MHz, ns = 16, d1 = 2 s) with reference at 0 ppm for HzPOa.

C. PEP quantification by *H or 3P NMR

For 'H NMR quantification, a calibration curve of PEP was made to compensate for the small errors induced by the
water suppression method (the peaks of PEP are close to the water peak on *H NMR, which can affect their integration).
A 3P NMR quantification was independently performed to confirm the yield found with 'H NMR quantification. 3P
quantification was done on a few samples to confirm the *H NMR quantification because of the higher limit of detection
using 3P NMR quantification (see below). Phosphonoacetic acid was used as an internal standard instead of Hz3PO4
because H3POs is a subproduct of the reaction.

The calibration curves were prepared as following: various solutions of phosphoenolpyruvic acid potassium salt PEP
(0.05, 0.09, 0.19, 0.37, 0.74, 1.48, 2.96, 5.93, 11.85 mM) were prepared in MilliQ water. For quantification, NMR
samples were prepared by taking 500 pL of the solution and adding 50 pL of a 23.6 mM stock solution of internal
standard (DMS in D20) and 50 pL of a 155.4 mM stock solution of the second internal standard (phosphonoacetic acid
in D20). Each of the standard calibration samples was subjected to 'H and 3'P NMR spectroscopies using the water
suppression technique at ambient temperature and the 3P (*H decoupled) method described in the General
information section above. The data from these measurements for every concentration allowed us to obtain ten-point
calibration plots for *H NMR quantification and seven-point calibration plots for 3P NMR quantification (because of the
limit of detection with the 3P method, the 0.05, 0.09- and 0.19-mM concentrations were not considered in the calibration
curve). The calibration curves were constructed by correlating the substrate-to-standard ratio peaks: & = 5.76 ppm in
IH NMR (the signal further away from the water resonance was chosen for the calibration to minimize the eventual loss
of integration) and & = -4.57 ppm in 3P NMR for PEP, 3.00 ppm for the DMS standard and 15.7 ppm for the
phosphonoacetic acid standard.

Reaction samples were prepared according to the general procedure described above (section Ill) using the same
quantity of internal standards and were quantified using the calibration curve.
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Figure S3. Correlation between the concentration of an aqueous solution of PEP and the measured *H (left, A.) and 3P (right, B.) NMR integral relative
to DMS (A.) which was set to 6.00 and relative to phosphonoacetic acid (B.) which was set to 1.00. Results were recorded on a 400 MHz spectrometer,
at ambient temperature with ns = 16 and d1 =2 s.

D. Product quantification by gNMR using *H or 3P NMR for other substrates

The other organo-phosphorylated products were analyzed by quantitative H and 3P NMR (qNMR) using 500 pL of the
reaction mixture, 50 pL of a 23.6 mM DMS stock solution in D20, and 50 uL of a 77.8 mM phosphonoacetic acid stock
solution in D20 (total volume of NMR sample: 600 uL). The parameters reported in the General Information part (NMR
Spectroscopy) were d1 =45 or 60 s and ns = 8 or 16. Yields were calculated by comparing the 'H NMR and 3P NMR
integrals against the DMS and phosphonoacetic acid internal standard, respectively.



E. Product identification by HRMS (direct infusion)

LC Method:
Flow Gradient
Time Flow %B %C %D Curve
[mL/min]
Equilibration
| |
0 Run
0 0.4 0 100 0 5
1 0.4 0 100 0 5
3 0.4 0 60 40 5
3.2 0.4 0 100 0 5
3.5 0.4 0 100 0 5
3.501 0.4 0 100 0 5
3.501 Stop Run
- (C): MeOH

- (D): MeOH + 0.05% formic acid

Mass Spectrometry Mode:
Full MS:
- General
o Runtime: 0to 3.5 min
o Polarity: Positive (or Negative)
- FullMS
o Resolution: 140000
o QGC target: 3e6
o Maximum IT: 200ms
o Scan range: 50 to 750 m/z

10




Synthetic procedures and quantification

V.

Investigation and optimization of the phosphorylation of pyruvate to PEP

A. General procedure Il (GP-II) for the phosphorylation reaction in paste conditions

Substrates (0.06 = 0.005 mmol) and phosphates (2 equiv) were weighed together in a 2 mL microcentrifuge tube with
a lid and the resulting heterogenous mixture (paste) was mixed for 20 s using a vortex. Then, the base was added, and
the mixture was centrifuged for 2 min. The resulting paste was heated at 60 °C for the indicated time in a thermoshaker.

Subsequently, the general procedure GP-I for the preparation of the NMR sample was applied.

B. Phosphorylating agent screening

The screening was performed according to the general procedure GP-II. The different phosphorylating agents which
were tested are summarized in Table S1 (see below). In this screening, KHCOs3 (2 equiv) was used as a base and H20

(2 equiv) was added to make a paste.

Table S1. Phosphorylating agent screening with product quantification by *'H NMR.

1) Phosphorylating
agent (2 equiv)
KHCOj3 (2 equiv)
H,0 (2 equiv)

o 60 °C, 3h
HO% ™  HO
2) H,0
0 o]
Pyr PEP
(0.06 mmol)

Entry Phosphorylating agent Integration Yield of PEP (%)
1 Phosphorous pentoxide P,O1 (1 equiv) 0.04 Traces
2 Linear triphosphate NasP3;0q 0 0
3 Trimetaphosphate (TMP) 0 0
4 Hexametaphosphate (HMP) 0 0
5 Acetyl Phosphate 0 0
6 Diamidophosphate (DAP) 0 0

11




Table S1 Entry 1 - *H and 3!P spectra for the experiments where PEP was observed.
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C. Base screening

The screening was performed according to the general procedure GP-II. In this screening, P4O10 was used as
phosphorylating agent and reactions were performed in neat conditions. The different bases which were tested are
summarized in Table S2 (see below). Pyruvic acid (0.06 mmol) was used as substrate in combination with nitrogenous
bases that resulted in the formation of a paste without the need for the addition of water.

Table S2. Base screening with product quantification by *H NMR.

1) P4O40 (1 equiv)
(0] Base (2 equiv)
HO% 60°C,90min o
S 2) H,0 o
Pyr PEP
(0.06 mmol)
Entry Base subs’;AthSeS (ma) Integration 'H Ylel(g@PEP Integration 3P Ylel((:A))PEP
12 None <0.1 traces 0 0
2 Pyridine 5.6 3.76 6.9% 0.32 7.1%
3 Imidazole 5.4 0.12 0.2% 0.03 0.7%
4 1-methylimidazole 5.5 0.89 1.7% 0.06 1.4%
5 2,6-lutidine 5.3 0.73 1.4% 0.07 1.6%
6 Pyrimidine 5.5 1.71 3.2% 0.12 2.7%
7 Triethylamine 5.4 2.06 4.0% 0.22 5%
8 Collidine 5.9 0.27 0.5% 0.03 0.6%
9 Picoline 5.3 2.63 5.1% 0.22 5.1%
10 Quinoline 5.7 0.63 1.1% 0.05 1.1%

a Two equiv of water were added to make a paste.
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IH and 3P spectra for the experiments where PEP was observed.
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Table S2 Entry 4
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Table S2 Entry 6
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D. Optimization table
The screening was performed according to the general procedure GP-II. In this screening, P4O10 was used as the
phosphorylating agent, pyridine as the base and reactions were performed in neat conditions. The different parameters

which were changed are summarized in Table S3 (see below).

Table S3. Optimization table with product quantification by *H NMR.

1) P4O4¢ (x equiv)
O Pyridine (y equiv)
HO% TCCLtmin) Ho
0 2) H,0 0
Pyr PEP
(0.06 mmol)
Mass P4O10 (X Pyridine . . Yield PEP
Entry substrate (mg) equiv() yequiv) v Time Temperature Integration H %)
1 5.5 0.5 2 90 min 60 °C 2.3 4.2%
2 5.7 1.0 2 90 min 60 °C 3.8 6.9%
3 5.3 15 2 90 min 60 °C 3.6 7.1%
4 5.6 25 2 90 min 60 °C 3.1 5.7%
5 5.6 1.0 1 90 min 60 °C 17 3.1%
6 5.3 1.0 3 90 min 60 °C 3.7 7.1%
7 5.26 1.0 5 90 min 60 °C 3.2 6.3%
8 5.4 1.0 10 90 min 60 °C 2.3 4.2%
9 5.4 1.0 2 15 min 60 °C 2.9 5.5%
10 5.3 1.0 2 30 min 60 °C 2.8 5.5%
11 5.4 1.0 2 1lh 60 °C 3.8 7.2%
12 5.3 1.0 2 2h 60 °C 3.7 7.2%
13 5.4 1.0 2 4h 60 °C 3.4 6.4%
14 5.5 1.0 2 6 h 60 °C 2.7 5.6%
15 5.5 1.0 2 16 h 60 °C 2.8 5.2%
16 5.7 1.0 2 24 h 60 °C 2.5 4.5%
17 5.5 1.0 2 48 h 60 °C 2.5 4.7%
18 6.2 1.0 2 16 h -20 °C Traces
19 6.0 1.0 2 16 h 2°C Traces
20 5.8 1.0 2 16 h 23°C 0.9 1.6%
21 5.2 1.0 2 16 h 40 °C 3.4 6.6%
22 5.9 1.0 2 16 h 80 °C 0.8 1.5%

E. Screening of other phosphorylating agents
The screening was performed according to the general procedure GP-II. In this screening, the decomposition products

of P4010 (H3PO4 and several polyphosphates) as well as other phosphates (2 equiv) were screened using pyridine as
base. Reactions were performed in neat conditions at 60 °C for 60 min.
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Table S4. Optimization table with product quantification by *H NMR.

1) P. source (2 equiv)

(0] Pyridine (2 equiv)
HO 60 °C, 60 min . HO
o) 2) H,O o)
Pyr PEP
(0.06 mmol)
Entry Mass substrate Phosphorylating agent Integration Yield PEP
(mg) (%)
1 5.4 Phosphorous pentoxide P4O1o (1 equiv) 3.8 7.2%
2 n.d H3PO4 / /
3 n.d Sodium diphosphate (NasO7P5) / /
4 n.d Sodium triphosphate (NasO10P3) / /
5 n.d Sodium trimetaphosphate (Na3zOgP3) / /
6 n.d Sodium hexametaphosphate (NasO15P¢) / /
7 n.d Acetyl-phosphate / /
82 n.d Polyphosphoric acid <0. traces
9 5.8 Bipyridinium phosphate (P,OsL, (L = pyridine)) 1.9 3.3%

230 mg of polyphosphoric acid were used for the reaction

V.

A. Study of the reaction progress

As quantitative product analysis requires the quenching of the whole reaction mixtures, several identical reactions were
prepared and run in parallel. They were then quenched and analyzed at the times stated in Table S5 following the
general procedure GP-II. The qualitative evolution of each species of the reaction was calculated according to their
relative integration compared to the internal standards (DMS for *H NMR and phosphonoacetic acid for 3!P NMR) using
1H and 3P NMRs. Importantly, the formation of PEP from the phosphate intermediate P1 is only occurring in neat conditions,

once in solution, there is no conversion of the intermediate into PEP (see Table S6, p. S27).

Table S5. Evolution of the different products during the reaction, integration by *H and 3P NMR spectroscopy.

Investigating the mechanism of the non-enzymatic phosphorylation of pyruvate
to PEP

0]

HO OH Pyridine (2 equiv)

Hom)k — HO% 60 °C, Time
2) H,0

1) P4O40 (1 equiv)

@ HO OH 0
- /NQ(OH + HO + )S\/OTHLOH
o} o} o}

) (0]
Pyr H-Pyr P1-pyr-py P2-pyr (PEP) P3-pyr
(0.06 mmol) (0.06 mmol)
1
H
1 1 1 1
H Int. i H H 31p 3ip
Int. Approx. (H- Approx. Int. Approx. Int. Approx. Int. Approx. Int Int
En- | Time | (Pyr, Conc. Bur Conc. (P1, Conc. | (PEP, | Conc. (P3, Conc. (Pll (P2.
try | (min) | 2.31 apyr yr. aH-Pyr 2.28 apl 5.7 apPEP 5.1 ap3 ' '
1.44 -5.3 -4.5
ppm, | (mM) | S @M) | ppm, | (mM) | ppm, | (mM) | ppm, | (mM) |
3H) ' 3H) 1H) 1H)
3H)
1 0 32.7 21.4 71.3 46.7 0 0.00 0 0.00 0.02 0.04 0 0
2 1 27.1 17.7 60.0 39.3 5.0 3.27 0.37 0.73 1.04 2.04 0.14 | 0.04
3 2 26.7 17.5 61.0 39.9 4.5 2.95 0.95 1.87 2.31 4.54 0.12 | 0.08
4 3 23.9 15.6 54.4 35.6 4.1 2.67 1.2 2.36 2.8 5.50 0.12 0.1
5 5 18.3 12.0 41.9 27.4 4.2 2.73 1.54 3.02 3.8 7.46 0.14 | 0.12
6 10 16.8 11.0 36.2 23.7 2.64 1.73 2.1 412 4.86 9.54 0.08 | 0.18
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7 15 155 10.1 34.8 22.8 3.13 2.05 2.9 5.69 7 13.7 0.08 | 0.26
8 30 10.8 7.07 23.7 155 1.46 1.01 2.8 5.60 6.18 12.1 0.03 | 0.25
9 60 5.54 3.63 12.8 8.40 1.47 0.92 3.8 7.40 6.9 13.6 0.04 | 0.34
10 120 4.8 3.14 11.6 7.57 0.73 0.50 3.7 7.26 6.1 12.0 0.01 0.31
11 240 3.25 2.13 7.86 5.14 0.50 0.33 3.32 6.52 5 9.82 0 0.31
12 330 2.7 1.77 6.0 3.93 traces | traces 3.05 5.99 4.83 9.48 0 0.27
13 960 3.11 2.04 6.9 4.52 traces traces 2.67 5.24 4.11 8.07 0 0.24

@ The concentrations were determined relative to dimethyl sulfone used as an internal standard (integral set to 6 H,
1.9634 mM concentration inside the NMR tube). Concentrations are only qualitative as we did not correct for different

relaxation times.

Approx. concentration / mM

Qualitative evolution of the main species in the reaction

(followed by 'H NMR)

50 ¢
—o—Pyr.

40 & —o—P2-pyr (PEP)

b P1-pyr-py
30 P3-pyr

-— +-H-PYR
20
@

10

- e
0 ()/()'—" \ - \

1 10 100 1000
Time / min
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Representative 'H and 3P examples of a reaction mixture after heating the paste for 3 min at 60 °C.
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B. Stability of P1-type adducts and P3-pyr in solution and study of the conversion of P1 to PEP

1) Stability of the products and study of the conversion of P1 to PEP

To determine the stability of products in solution at different pHs, a scale-up reaction was prepared following the general
procedure GP-Il with the modification of the reaction scale (from 0.06 mmol to 0.6 mmol). The reaction was run for 5
min at 60 °C. Samples at different pHs (indicated in Table S6) were prepared by adjusting the pH using 1 M NaOH. To
determine the stability of products in solution at different temperatures and to observe a potential conversion of P1-
type products to PEP, the sample (with no pH adjustment) was studied by in-situ NMR. A stepwise temperature gradient
was applied to the sample for the indicated time, and the relevant products were observed by 'H and 3P NMR. P1
refers to the general structure of the hydroxy-phosphate intermediate (see below) P1-pyr-py and P1-pyr-im refer,
respectively, to the phosphorylated intermediate containing pyridine (Py) and 1-methylimidazole (Im). No conversion
of P1-type adducts to PEP was observed in solution.

Table S6. pH and temperature stability of reaction products with identification by *H and 3P NMR spectroscopy.

1) P4O49 (1 equiv) Q
0} Base (2 equiv) @ HO OH .
HO% Neat, 60 °C, 5 min |, pH el stability ?
> OH — conversion
o 2) H0 orT°C of P1 to PEP ?
o or Time
Pyr P1 P2-pyr (PEP) P3-pyr
(0.06 mmol)
Entr H Tempe- | Observation of | Observation of Observation Observation Clgln_verilont;)f
y P rature P1-pyr-py Pl-pyr-im of PEP of P3-pyr F:DYEPF;y
12 0-1 23°C Yes Yes Yes Yes No (after 8
days)
2 1-2 23°C Yes Yes Yes Yes /
3 2-3 23°C Yes Yes Yes Yes /
4 4 23°C Yes Yes Yes Yes /
5 5 23°C No Yes Yes Yes /
6 6-7 23°C No Yes Yes Yes /
7 7-8 23°C No Yes Yes Yes /
8 12 23°C No Yes Yes Yes /
9 0-1 40 °C Yes / Yes Yes No
o Started to
10 0-1 60 °C / Yes Yes No (see below)
decompose
11 0-1 90 °C No / Started to Started to /
decompose decompose

a The same NMR sample was measured a second time after 8 days at RT, at pH 0-1: yield by gNMR (3!P); at t = 0: P1-
pyr-py (integration 0.15) 1.5% / PEP (integration 0.24) 2.5%; after t = 8 days: P1-pyr-py (integration 0.13) 1.3% / PEP
(int. 0.25) 2.6%.
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2)

Study of the formation of P1 and its conversion (through base elimination) to PEP with three
different bases

Reactions were set up as described in the general procedure GP-Il. The formation of P1 and its conversion to PEP in
the reaction was studied with three different bases: 1-methylimidazole Im, pyridine Py and triethylamine TEA. To do
so, several reaction mixtures were prepared and stopped at different times (see Table S7). In some cases, more base
was added during the reaction. NMR tubes were prepared according to the general procedure. The qualitative evolution
of each species of the reaction was calculated according to their relative integration compared to the internal standards
(DMS for *H NMR and phosphonoacetic acid for 3P NMR) using *H and 3P NMR spectroscopy.

Table S7. Comparison of three bases in the system with identification of products by *H and 3P NMR spectroscopy.

1) P4O40 (1 equiv)
(0] Base (2 equiv) @ (B)
Ho% Neat, 60 °C, Time |, HO
o 2) H,0 5 o
Pyr P1 PEP
(0.06 mmol)
31 _ 31 _ 31
. Further addition P Integra P Integra P
Time tion (P1- tion (P1- Integra-
Entry | Base of the base . . Comment
(total) 2 equiv) pyr-im,-5.3 | pyr-py,-5.3 | tion (PEP,
ppm) ppm) - 4.5 ppm)
1 Im 5 min / 0.06 / traces
2 Im 10 min / 0.21 ! 0.02 PEP formation from P1-
3 Im 20 min / 0.31 / 0.08 pyr-im (through the
4 m 20 min Im (after 1_0 min of 159 / 016 elimingtion of the base)
reaction) is very low.
Im (at the 18 0.18 Further addition of Im
5 Im 20 min beginning of the : / gNMR: increased the relative
- gNMR: 13% .
reaction 1.5% concentration of P1-pyr-
6 m 60 min / 0.4 / 0.1 im and PEP. Further
gNMR: 4% gNMR: 1% addition of a stronger
7 Im 2h / 0.31 / 0.11 base (e.i., TEA) to push
Im (after 1 h of the elimination of Im
8 Im 2h reaction) 1.1 / 0.21 forming PEP from P1-
9 Im 16 h / 0.20 / 0.09 pyr-im did not work.
| Py (after 10 min of Im = bad leaving
10 Im 20 min reaction) 0.42 0.03 group for the
i elimination step
11 im | 20min | 1A (8fter 10 min 0.6 / 0.13
of reaction)
12 Py 10 min / / 0.09 0.25 The further addition of
13 Py 20 min / / 0.04 0.34 Py is not improving the
yield of P1-pyr-py
neither of PEP. After 1-
2h of reaction P1-pyr-
. py is completely
14 Py | 20min | Y @fter t1_0 min of / 0.06 0.39 converted to PEP (see
reaction) Table S5).
Py = better leaving
group for the
elimination step
15 TEA 3 min / 0.03 No formation of P1-type
16 TEA 5 mlrl / No formation of P1-type 0.06 adducts with TEA.
17 TEA 10 min / 0.12 TEA = stronger base.
adducts . .
. -> Different mechanism
18 TEA 60 min / 0.6
than Py and Im
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C.

Investigating the reactivity, substrate scope

Reactions were set up as described in general procedure GP-II. The reaction was run for 5 min at 60 °C. Phosphorylated
products were quantified by gNMR using 3P NMR and confirmed by HRMS analyses.

Table S8. Scope table with product quantification by 3P NMR.

1) P40+ (1 equiv)
Pyridine (2 equiv)

(presumed)

Neat, 60 °C
5 min
substrate _ Product 1, P1 + Product 2, P2
(0.06 mmol) 2) H,0 (hydroxy-phosphate) (enol-phosphate)
a1 Int.3p/
/ En- Substrate P1 or expected Int. 3P/ P2 or expected vield P2 Interest
try P1 adducts Yield P1 (%) products %)
0
o) . .
) o NN OH Int: 0.10 Int.: 0.44
\)j\[]/OH N ! o . i o = OH . . o
i P1-(pyr-1Me)-py Yield: 1.0% i Yield: 4.6%
(presumed) P2-1Me Influence of the
R group of
{ ® \ pyruvates (by
0 7 OH Integration: adding some
5 WOH o ® 2~ O 0.09 steric hindrance
0o P1-(pyr-2Me)-py ¢} and by blocking
. (expected) P2-2Me Yield: 0.9% the enol
S transfer).
% Influence of the
g \NN stability of the
= o} \=® Ints tion: enol tautomer
%. . >‘)kn/OH N ntegration. , , substrate: Does
] 3 o HO . l?j'.ls . the reaction work
0 Yield: 1.3% better when the
. keto-enol
P1-(pyr-3Me)-im tautomer ratio is
favored toward
the enol
0 ® OH Ph\i(
z N OH
Ph \)j\n/OH @% Int: 1.5 tautomer?
o]
4 o Ph Traces P2-Ph
P1-(pyr-Ph)-py Yield: 14%
(presumed)
o 1 ® : hich one is th
9 )J\n/OH 2N OH Int: 0.05 HO Irlt.. 0.04 | Which one |§t e
3 | . Yield:0.35 more reactive?
= 0o S o Yield: 0.43% o) .
a P1-pyr-py % Ratio P1-pyr-py:
= P2-pyr (PEP) P2-Ph
D .
o 50 1:16
x
K @
g @%OH Int: 0 Ph\i‘/OH Ratio P2-pyr
3 o | - . .
2 N 0 e 5 Int.: 0.73 (PEP): P2-Ph
=2 PhJ’\n/OH Ph vield: 0% P2-Ph Yield: 7% 1:20
P1-(pyr-Ph)-py
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z
% o OH =)
fle| LI | o | % | 32 | =
® P~ ’i\/u\
g' HO (I)Ho
o
S
o
- 0 .
E 16f i )j\® Ime(? f::;lon- poly;)A r::oestiglr;ates Int.: 0.46
= ) ield: 2.39
5 OH AcP Yield: 0.15% | (presumed) | \eld-23%

Reactivity of the
functions of the
pyruvate toward
phosphorylation:
an enol function
without an alpha
carboxylate, a
carboxylate
function alone

2 Both 1-methytlimidazole and pyridine were tried in this reaction. In the case of entry 3 and 7, the reported product was not detected using pyridine.
b Competitive experiment using 4 equiv of pyridine, otherwise the reaction is less efficient.
¢ The reaction was run for a longer reaction time (30 min) to detect the formation of the product.

dwithout pyridine otherwise oxaloacetic acid is directly decarboxylated into pyruvate. Instead, 2 equiv of H20 to make the paste.

¢ The reaction was also run for a longer reaction time (90 min), but the expected enol phosphate product was not observed.

fSubstrate at 0.12 mmol scale.

Table S8 Entry 1

A.'H (water supp) TS | N e oo |
(¢}
"
0-R%0
- =0
O,P\solép\
O0~),~0
o
0 P401o (1 equiv)
HO —— 0o
\n)l\/ Pyridine (2 equiv) X o
o Neat, 60 °C, 5 min o) Ho\n)l\/
1-methyl- P2-1Me
ZN pyruvic acid (0]
| (0.06 mmol)
N
pyridine
(internal
standard)
9.0 8.5 8.0 75 7.0 6.5 6.0 5.5 5.0 45 4.0 35 3.0 25 20 15 10 0.5

f1 (ppm)
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R 3 3 b
2 B o 0
31p (1Y
B. °'P ("H decoupled)
(0] (0]
1
_P.
HO™ 1 OH
OH
phosphono-
acetic acid OH
(internal
standard) 1 o)
HO—-P—CH P1-(pyr-1Me)-py
OH (presumed)
phosphoric acid HO N
o noln
P2-1Me HO-F—0--P—of
OH OH
n
polyphosphates
|
N » . , - e
I ;o
2 2 S
T T T T T T T T T T T T T T T T T T T T T
20 18 16 14 12 10 8 6 4 2 0 - -4 -6 -8 -10 -12 -14 -16 -18 -20 -22 -24 -26 -28
f1 (ppm)
©
262.0475 NL
R=119042 / \ (?H 2.06E7
= JZ-685-3423-62 RT:
CsH120eNP /®N O-P=0 0.21-0.58 AV 40 SB: 156
2100 -0.1429 ppm 1 0.52-1.75 ,0.00-0.23 T
] 2630508 FTMS + p ESI Full ms.
2 o e R=115053 OH [50.0000-750.0000]
2 s z=1 2628882 2=1 OH
b GisHz ONP R=115391 C1eHw ONP
g 31.3587 ppm = 50090 ppm o)
& o 2620475 , . NL:
R=119593 Chemical Formula: CgH13NOgP 200E4
= CoH120QeNP:
CoftOcP Exact Mass: 262.0475 Cohnoon. .
100 0.0000 ppm p (gss, s /p:40) Chrg 1
263 0509 T A R: 120000 Res .Pur . @FWHM
Ret1gaat R=105628 R=116151
50 ’ =7 =
CioHio ONP CsHisOsNP CsHieOs NP
o g 570? ppm 17.2131 ppm ~1.2545 ppm
2618 | 26b0 | 2602 | 2604 | 2606 | 2628 | 26h0 | 2652 | 2654 | 2656 | 2688 | 2640 | 2642 | 2644 | 2646 | 2648 | 2650 2652 | 2654
iz
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Table S8 Entry 2

noe888 EREERRRENN sb g2
A. 'H (water|supp)
1}
9-R%0
=0
O=P\\O|!,P\
o-f-o
o
0 P,O40 (1 equiv)
HO
\[H‘\( Pyridine (2 equiv) HOG S Q
0 Neat, 60 °C, 5 min fo} HOW
dimethyl- P2-2Me o)
pyruvic acid
(0.06 mmol) %
/\lN - HO OH
O HO
\) DS wﬁﬂ/
y (internal 0 P
standard)
9.0 8.5 8.0 7.5 7.0 6.5 6.0 5.5 5.0 45 4.0 3.5 3.0 2.5 2.0 1.5 1.0 0.5
1 (ppm)
5 3 ‘
B. *'P ("H decoupled) C. 3'P ('H coupled)
2 o-f-ox
P |
HO™ 1 OH
OH OH
phosphono- phosphoric acid —_—
acetic acid -3.30-3.35 ﬂ 0
(internal — —
standard) HO ri> 0 F|7 OH
OH OH
HO n
N polyphosphates
. AL
A
T T
16 14 12 10 6 4 2 o 2 4 % 8 0 12 14 -6 -18 20 22 -2
f1 (ppm)
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Table S8 Entry 3

i VI o Y
; L HO
A. "H (water supp) B
0 \Oc') o) \
o=R-o| P\=O - OH
o-fi~o N%O‘H’—DH
o) (6] \=N ~
H \,HKK P4O1o (1 equiv) Ho o
—_—_—
1methylimidazole
o} 2 equiv) o | Ho oH
rimethyl-  Neat, 60 °C, 30 min P1-(pyr-3Me)-im HO
gyruvic acid 3
(0.06 mmol)
(\N/ g
N=/ 3
DMS
(internal
standard)
i N
s
N v
! iy ] 4 !
9.0 8.5 8.0 7.5 7.0 6.5 6.0 5.5 5.0 45 40 3.5 3.0 25 20 15 10 0.5
f1 (ppm)
: v
31 1
B. °'P ('H decoupled)
9 O
P
HO” I\)]\OH
OH 11
phosphono- HO-P-OH
acetic acid OH
s(tlg:%rgfdl) phosphoric acid
\N®o—gH0H
=N I o} o}
(o] Il Il
HO HO[-P—0--P—0H
o OH | OH
P1-(pyr-3Me)-im polyphosphates
I
) / u
ry T
T T T T T T T T T T T T T T T T T T T T T T T T
18 16 14 12 10 8 6 4 2 0 2 -4 - 8 -0 -12 -14 -16 -18 -20 -22 24 26 -28
f1 (ppm)
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Table S8 Entry 4

36

“Q’;j“Q(_:E"'jT'Tf'j'jjj?"?"?"f“(“f"('?"‘(“(“f'f'f'f“(ﬁ?"f'ffff'ﬁ'ﬁﬁ“fﬁ'ﬁ'ﬁf“ﬁ“( N
A. 'H (water supp) o
1]
o-R-o
ol
O‘P\‘Or[,P\' O OH
o~,~0 ~
OH I P~
o Ho @
HO x-Ph P40+ (1 equiv) HO X
0] Pyridine (2 equiv) 0
phenylpyruvic acid Neat, 60 °C, 5 min P2-Ph
(0.06 mmol)
N
A ! o
pyridine o
(0]
DMS
(internal
standard)
9.0 8.5 8.0 75 7.0 65 6.0 55 5.0 45 40 35 3.0 25 20 15 10
f1 (ppm)
\
B. 3'P ("H decoupled)
®
O O HO—I?—OH OH
1]
P OH Osyy ==
HO I\)]\OH o o Vo
OH phosphoric acid HO NS
phosphono- HO%
acetic acid
(internal O Ph
standard) Presumed
O\\PIOH
~
Ho @
HO\H/K\
(0]
P2Ph
(0] (0]
Il Il
HO-P—0--P—OH
OH OH
n
polyphosphates
. N AR S
0 18 16 14 12 1o 8 6 4 2 0 -2 4 s -8 -0 -2 -14 -6 -8 20 -2 24 -2
f1 (ppm)



OH o
Retnsose Osp! ( = Zeres
Cruin0p g © \®ys 02058 AV 4755 133
£ 100 <0-1384 ppm 325 0664 e L p s pues |
% Rﬂ;jui? HO [ED,DDOD?TSD,ODDD]
£ 50 C21H120NP
H BSSQ?ppm (0] Ph
g’ Sfﬁlgsfg% Chemical Formula: C4H{sNOgP* Moeea
- Exact Mass: 324.0632 Creose,
0.0000 ppm (gss, s /p-40) Chrg 1
e Raf?wuaﬁwﬁzﬁa 326.0685 3270713 pR: %ZUUUUpRes .Pwrg_ @FWHM
=7 R=66624 R=102980
= C21H12ONP =2 s
44503 ppm CiaHis0cNzP CroHis OsNP
0 1 6.9752 ppm -0.3025 ppm
' ' 32‘4,0 i i 32‘4,5 ' ' 32'50 ' ' 32‘5,5 ' ' 32‘50 ' ' ' 32‘55 ' i 32‘7,0 ' i ' 32'75 '
miz
Table S8 Entry 5
IS © 1w [e2 2N e)) LT ——O o m~
ooV 3 NNNYSS S N
1 NINNNN ©© 1616 16 1.6 16 ) LY
A. 'H (water stipp}— — \ |
o-R-o
I 0OL.o HO
(@] O=P\\9 | B\
HO n O (0]
O P2-pyr (PEP)
fe} P4010 (1 equiv) ®
Pyridine (4 equiv) HO N
HO Xx_Ph Neat, 60 °C, 5 min
(0]
Z N o P2-Ph
| substrates
A (0.06 mmol)
pyridine
ﬁ(ﬁ@’\(OH
. 'l
N P1-pyr-py
_S_
1]
O
DMS
(internal
standard)
. J - . ULLLJ—ULJU\‘M
T T T T T T T T T T T
9.0 8.5 8.0 4.5 4.0 3.5 3.0 25 2.0 1.5 1.C
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:r" o ow—
: S < < -
2 S Y%
B. 3'P ("H decoupled) | e
®
y NSFDH(OH
J o
P2-Ph P1-pyr-py
o —
< -
v %
\ I
HO
(0]
P2-pyr (PEP)
i
IP " T T T T T T T T T
HOTL > OH HO-P-OH 43 45 47 49 51
phosphono- OH
acetic acid phosphoric acid
(internal
standard) 0 I
HO[-P—01-P—OH
OH OH
n
polyphosphates
. ) -~
Lol |
o oD
e one
— o O o
16 14 12 10 8 6 4 2 0 -2 -4 -6 -8 -10 -12 -14 -16 -18 -20 -22 -24 -26
o mee (- ULUM PLJUMLML
r-30
—— @ r-25
3 f
- i l
r-20
® r-15
oD e
—— [] \I (e} 10
P2-Ph P2-pyr (PEP) P1-pyr-py )
{7.68,-4.44} {7.65, 44} {5.74,-4.44} {2.27,-5.03}
= W ¢ N -5
07(6.99,-4.44} {5.41,-4.44}
! ro
r5
9 (0]
HO’FI)\)J\OH i 10
OH
phosphono-
acetic acid r15
(internal
standard)
r20
95 90 85 80 75 70 65 6.0 55 50 45 40 35 30 25 20 15
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Table S8 Entry 9

o o D
o o @
© < o
<’
A. 'H (water supp)
HO gH O
HO
o .
1] (@]
o-Ro I
=P~ ?P‘O HO OH
o=\ OP \
O O o-\~0 e} o
HO
\H)I\/U\OH P40+ (1 equiv) HOS"on X
_——
o) . o
} . H,0 (2 equiv)
oxaloacetic acid Neat, 60 °C, 5 min P2-ox
A
6.0] OH O
HO X
‘JH-P =1J)6/Hz OH
o

o]

1]
_S_

1]

)
DMS
internal
dtandarg

) LIAA J " -y . N A Ju)-.J Mwww

9.0 8.5 8.0 7.5 7.0 6.5 6.0 5.5 5.0 4.5 4.0 3.5 3.0 25 2.0 15
> g 3
2 P 0
I I I
B. 3'P ('H decoupled)
(0]
HO
S OH
(0]
P2-ox
N ™M
© ©
1518
N
1]
HO=P—0H Y
(o} (0] OH
B o Jyp=14Hz
HO™ i OH phosphoric acid ‘
OH
phosphono-
acetic acid Q Q
(internal HOFP-0O+P-0OH
standard) OH |OH
polyphosp%ates jb
18 16 14 12 10 8 6 4 2 0 -2 -4 6 -8 -10 -12 -14 -16 -18 -20 -22 -24



Table S8 Entry 10

A. Tk

U

(Mvater ILupp)

------ ARRR gaeechedenh
=~ N e e
A
i e
" U N
?,P\Bo HO T OH
_ =0
O’P\\Ol_l,P\
o o (Sl Te] 0o 0
(0]
HO OH P,04 (1 equiv) HO X OH
(]
. ., H0 (2 equiv)
alphaketoglutaric acid Neat, 60 °C, 5 min P2-Glu
(0.06 mmol)

u
(0]

DMS
(internal
standard)

9.0 8.5 8.0 7.5 7.0 6.5 6.0 55 5.0 45 40 35 3.0 25 20
f1 (ppm)
| I
B. 3'P ("H decoupled)
9 (e}
_P
HO I\)]\OH
OH
phosphono-
acetic acid HO E oH o Q
(internal -
standard) OH 10 N OH O O COooH
. . P2'-Glu
phosphoric acid
P2-Glu
1] 1]
HO FI’—O IID—OH
OH |OH
n
polyphosphates
j .‘
18 16 14 12 8 6 4 2 0 2 4 % 8 -0 -2 -4 -6 -8 -20 22 24 -26
f1 (ppm)
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Table S8 Entry 11

R ¢ NRB52828 8 S3a] 2RIRESN
1 L BN TS %) NANN Ao
A|'H (water supp) Lo e | R A R i
o
7N O"I:I‘O i i
| i \OI o /\O)J\n/ ~TNo
> 0=R>o[R” HO OH
pyridine o'ﬁ\o 5 0 \
O
P40+ (1 equiv) 0 \
+> P
/\OJ\H/ Pyridine (2 equiv) ©
neat conditions
60 °C, 5 min
(0.06 mmol)
O
)l\n/ H
o 0
/ —S— pyruvic acid \
1]
(0]
DMS
(internal O
standard) Q r
HO P1 -pyr-py
O
P2-pyr (PEP)
JL»_.JL@. A L ul M
90 85 80 75 70 65 6.0 55 50 45 40 35 3.0 25 2.0 15 1.0 0.5
f1 (ppm)
3 8 ]
S ] ui
| |
B. 3'P ("H decoupled)
(IDI o
HO"ID\)]\OH
OH
phosphono-
acetic acid
(internal
standard) o
HO—E—OH
oH 0 o)
phosphoric acid o HO %!—O IIiI’—OH
Z°N o OH OH
ool yphosprat
P1-pyr-py polyphosphates
‘ W
20 18 16 14 12 10 8 6 4 2 0 -2 -4 -6 -8 -10 -12 -14 -16 -18 -20 -22 -24 -2
f1 (ppm)
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Table S8 Entry 16

o O W WwLwAN —
S —oodoo
%) NaaaN A
A. 'H (water supp) o ! T~
1]
-R~
9 \O?_ HO\n/
O:P\~O | P\’
ZP< 0
o~,~0
(o)
Z HO :
| \ﬂ/ P4O10 (1 equiv) ®\n/
X 0 Pyridine (2 equiv) o
pyridine acetic acid Neat, 60 °C, 5 min AcP
(0.12 mmol)
Acetyl-polypolyphosphates
(presumed)
O
1"
B ®\n/
1"
DMS o
(internal
standard)
UL '
9.0 8.5 8.0 7.5 7.0 6.5 6.0 5.5 5.0 4.5 4.0 3.5 3.0 25 2.0 15
I o i B 53
© S} g © o o
- o = v aa
| I I I N
B. 3'P ('H decoupled)
¥ I /
(0] 0]
Il I
HQ T_ D IT’—OH
OH| | OH
n
(0] (0] polyphgsphates
1]
P
HO” l\)l\OH
OH
phosphono-
acetic acid i Acetyl-polypolyphosphates
(internal HO-P-OH (presumed)
standard) OH
phosphoric acid
(0]
1‘ | M o Wb
3 & & 3
o o o <t
— o o =)
T T T T T T T T T T T T T T T T T T T T T T T T
16 14 12 10 8 6 4 2 o -2 4 6 -8 -10 -12 -14 -16 -18 -20 -22 -24 -26 -28 -3C



Acetyl-polypolyphosphates
0 (presumed)
{2.06,-20.41},
{2.04,-16.50},
{2.02,-7.14}
(e}
9 (e}
HO'IID\)I\OH
OH
phosphono-
acetic acid @
(internal
standard)
95 90 85 80 75 70 65 60 55 50 45 40 35 30 25 20 15
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D. Substrate scope in optimized conditions

Reactions were set up as described in general procedure GP-II. The reaction was run for 90 min at 60 °C (optimized
conditions). Phosphorylated products were quantified by gNMR using *H NMR.

Table S9. Substrate scope table in optimized conditions with product quantification by *H NMR.

1) P4O40 (1 equiv)
Pyridine (2 equiv)
Neat, 60 °C
substrate 90 min Product 2, P2
(0.06 mmol) 2) H,0 (enol-phosphate)
Entr Mass Substrate P2 product Integration Yield P2 (%)
y substrate (mg) P 9 >
0
1 6.0 mg \)j\n/OH \i‘/OH 29 9.4%
e} (0]
P2-1Me
o Int.1: 1.0 Yield 1: 3.1%
2 7.0 mg WOH A _on
o o Int. 22: 6.8 Yield 22: 21.4%
P2-2Me
0] Ph \X(OH
3 9.4 mg Ph \)J\H/OH o 4.8 14.5%
o P2-Ph
0
oo 7.6 mg o o HO™ \F OH Int.1: 1.15 Yield 1: 2.7%
' c OH 0
8.0 mg HOJ\/U\[C])/ P2-ox Int. 2% 0.76 Yield 2¢ 1.7%
8.7mg 0~ :o: COOH Int.¢: 0.34 Yield": 3.4%
P2'-Glu
0
HOMOH
5b
0 o]
HO ¥ OH
8.7 mg 0.22 0.6%
o] o]
P2-Glu
0
i o
6 4 mg )LOH 0.36 1.0%
AcP

@ Without pyridine.

b The paste was dissolved in 1 M Acetate buffer pH 5 for better stability of the product.

¢ In the presence of pyridine, oxaloacetic acid decarboxylated to pyruvate and was phosphorylated to PEP. Quantification by *H NMR using the
calibration curve of PEP.

4 Quantification by gNMR using **P NMR because characteristic peaks of the product were overlapping with those of the substrate on *H NMR.
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E. Study of the reaction progress with phenylpyruvic acid

To determine the influence of the stability of the enol-tautomer toward the transfer of the phosphate from the carboxylate
moiety to the enol-phosphate product, the phosphorylation of phenylpyruvic acid was followed over time. As quantitative
product analysis requires the quenching of whole reaction mixtures, several identical reactions were prepared and run
in parallel. They were then quenched and analyzed at the times stated in Table S10 following the general procedure
GP-II. The qualitative evolution of each species of the reaction was calculated according to their relative integration
compared to the internal standards (phosphonoacetic acid for 31P NMR) using 3P NMR. The reaction was also followed
by *H NMR.

Table S10. Time-dependent table with the two phosphorylated products, integration by 3P NMR.

o 1)§4ch9 (1 gquiv). O\\P/?H \ S5
HO\IHK/Ph N)égt,lré% ("Cequw) HO QN2
. HO%
(o] 2) H0 S mh
phenylpyruvic acid P1-(pyr-Ph)-py
(0.06 mmol) (Presumed)
Entry Time 31pP Integration (P2, -4.6 ppm) 1P Integration (P1, -6.7 ppm)

1 1 min 0.02 0

2 2 min 0.08 0

3 5 min 0.94 0
4 10 min 0.95 0.02
5 15 min 1.17 0.02
6 24 h 1.44 0.04

78 30 min 0.05 0

2 Without the addition of a base.

TH (water supp)

t =90 min

‘l.‘gf\.\__ E i{;i‘%mw'.
Ty =
T T Rl mehm A=
o /M 77 76 / 71 70

T T T T T T T T T T
7.85 7.80 7.75 7.70 7.65 7.60 7.55 7.50 7.45 7.40

T T T T T T T T T T T
7.35 7.30 7.25 7.20 7.15 7.10 7.05 7.00 6.95 6.90 6.85
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31P 1

t =90 min
. |

t=15min

—_

H decoupled)

t=10 min

P1-(pyr-Ph)-py
t=5min / M
_— i

t=2min

= = =

t=1min J

18 16 14 12 10 8 6 4 2 o -2 4 6 -8 -10 -12 -14 -16 -18 -20 -22 -24 -26 -28

F. From pyruvoyl chloride Pyr-Cl to pyruvoyl phosphate AcP-pyr to enol phosphate of pyruvate
PEP

1) Pyruvoyl chloride (Pyr-Cl) synthesis

o cl o}
Ao oA, ——— e o
+
0 o ¢ 0 °C then RT 5 ClJ
pyruvic acid Dichloromethyl ~ ©vernight Pyr-Cl
(38.8 mmol) methyl ether yr-

(42 mmol)

Prepared according to a literature procedure.” Dichloromethyl methyl ether (4.82 g, 42.0 mmol) was added dropwise
to pyruvic acid (3.42 g, 38.8 mmol) at 0 °C. Evolution of HCI gas was observed immediately. The solution was stirred
overnight under argon, at rt. The reaction mixture was directly distilled under vacuum by Kugelrohr distillation to give
pyruvoyl chloride Pyr-Cl as a colorless oil.

1H NMR (400 MHz, CDCl3) 5 2.52 (s, 3H).
13C NMR (101 MHz, CDCl3) 5 186.0, 167.5, 25.1.
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8 b
o
H (CDCly) g &
3 »
o
o _-C
ch/ e
: |
o
5 4[(s)
2§52
il
)
T T T T T T T T T T T T T T T T
8.5 8.0 7.5 7.0 6.5 6.0 5.5 5.0 4.5 4.0 3.5 3.0 25 2.0 1.5 1.0
f1 (ppm)
8
s o s
? 13C 3 N
3
O
I ! K Cl
H3C/ e
: I
©)
5
4
|
2
| 1
|
J |
T T T T T T T T T T T T T T T T T
190 180 170 160 150 140 130 120 110 100 90 80 70 60 50 40 30
f1 (ppm)
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2) From pyruvoyl chloride (Pyr-Cl) to PEP in neat conditions

Pyruvoyl chloride Pyr-Cl (0.06 mmol) and the phosphate source (1 equiv) were weighted together in a 2 mL
microcentrifuge tube with lid and mixed for 20 s using a vortex. Then, the base was added, and the mixture was
centrifuged for 2 min. The retrieved paste was heated at 60 °C for 5 min in a thermoshaker. After the indicated time,
0.8 mL of H20 was added to the mixture, then NMR tubes were prepared.

Table S11. Alternative synthesis of PEP from Pyr-Cl in neat conditions with product quantification by *H NMR.

o] P. source (1 equiv) ® (B) HO OH 0
X ~ H H
% Base (2 equiv) © + HO * )SfokaH
0 Fl:legt, 60 °C 0 o) 0
substrate C P1 PEP P3-pyr
(0.06 mmol)
Entry Substrate P. source Base Products PEP (yield)
o)
x —1CI) )j\n/C' HsPO4 Pyridine P1-pyr-py + PEP + P3-pyr OH
- 0 o
(1.0%)
5 o)
: e HaPOs Et:N PEP + P3-pyr on
X=Cl)
o) o]
(0.4%)
o)
3 )J\[]/OH Pyridine or
(X = OH) I H3PO4 Et:N / !
i lyphosph
4 )J\n/m Polyphosphoric . OH
-pyr-py + + P3-
X = Cl) acid Pyridine P1-pyr-py + PEP + P3-pyr
0 0
(1.4%)
o)
5 )j\n/C' HsPO, / Pyrophosphate /
X=Cl) 3
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Table S11 Entry 1

A. 1H (Jlater Lupp) m\w‘ m\w ‘“\;’ % "‘\;‘ oy F‘\; T
PR o
D
(0] i @\ (P) pyruvig acid
Cl\n)j\ _ /N\ OH + HO.
fo) H3POy4 (1 equiv) o 0 HO OH
Pyruvoyl chloride Pyridine (2 equiv) P1-gyr-py P2-pyr (PEP) OH
(0.06 mmol) Neat, 60 °C, 5 min \g/
hydroxy-
pyruyic acid
Z "N
S I q
1]
—S— A ~oH
5 acetic acid
HO OH e DMS
o (interngl
‘THJ\OH standargl) i @\ P3
0 =N
OH
HO P3 o ‘
o / / P{l-pyr-py
PEP u:j/J
' !
_AJJU LA | ) k |
9.0 8.5 8.0 7.5 7.0 6.5 6.0 55 5.0 45 40 35 3.0 25 20 15 10
f1 (ppm)
| I
B. 3'P NMR ('H coupled)
I
HO--FI>—OH o
OH 1 1l
. ) HO—I?—O—I?—OH
phosphoric acid OH OH
Pyrophosphate
O O
P /
HO l\)]\OH @N ®\n/
OH o fo)
phosphono- PEP O
acetic acid o agetyl-
(internal P1-pyr-py phdsphate
standard) O 0
HO F;’—O Ff—OH
OH |[OH
n
N, j A | I, polyphosphates
6 14 12 1o 8 & 4 2 0o 2 - 6 1o 12 -4 16 -8 -0 22 24 ¢

-4
f1 (ppm)
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C. HMBC ('H - %'P) !
' |--25
—— '
@ . ey
$ N i‘/ | 0 F-20
OH
) acetyl-
o1 O: phousphate |15
HO -pyr-py
— e
(0] t-10
PEP I {201,-7.24,
_—I {5.77,-4.60} | {5.76,-4.60} 3275 & s
{G/ ’\(5,42,—4,50)
- , } Lo
L5
(IDI (0] 10
_P.
HO I\)J\OH /\
OH <J§,“\. L1s
phosphono-
acetic acid
(internal t20
standard)
|25
9.5 9.0 8.5 8.0 75 7.0 6.5 6.0 5.5 5.0 45 40 35 20 15 10
f2 (ppm)
Table S11 Entry 2
1 RRRRILIAEGS B g S 3
A. '"H NMR 1818 18 18 18 18 18 18 15 |5 5 a
= N e | o I-‘! o bH
IH NMR (400 MHz, Deuterium Oxide3.76 (] = 2.3 Hz, 1H), 5.41 fi= 2.2 Hz, 1H). " )( ([[JH
: My e
C'\n)J\ o HO ol 0
(0] H3PO4 (1 eqUiV) 0 pyravic 3ol p hr):lc\‘,r;u)(ay(;ld
Pyruvoyl chloride N (2 €quiv) P2 PEP P3
(0.06 mmol) Neat, 60 °C, 5 min \
SN
NEt; (R
_S__
1]
0}
y4 DMS
(interngl
HO OH O standafd)
o\
\” OH
(o}
HO P3 ~N
O ~ \]\/
P2 PEP
\\ | \ NE;
! LJJ
- (I)I o k \L
(internal
standard) Ho’i:)j\OH
T T T T T T T T T T T T T T T T
8.5 8.0 7.5 7.0 6.5 6.0 5.5 5.0 4.5 4.0 3.5 3.0 2.5 2.0 1.5 1.0
f1 (ppm)
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B. 3'P NMR ('H caupled) T AT
9
HO—IID—OI-
OH 1] 1]
. ) HO-P-0O—P-0OH
phosphoric ag¢id | |
6 o OH OH
P
HO™ I\)J\OH Pyrophosphate
OH
phosphono-
acetic acid
(internal HD
standard) N
¥ o}
| P2 PEP
o
unknown acetyl- I 1]
species phosphate MO '.D_o F—OH
OH |OH
n
BB / polyphosphates
wom ) 10N o
% 24 22 20 18 16 14 12 10 8 6 4 2 0 =2 4 -6 -8 -0 -12 -4 -6 -18 -20 -22 24 26 28 -30 -32 -34
f1 (ppm)
Table S11 Entry 3
P
1 b o <
A."H NMR g
o H; OH
{__OH
OH
0 )L\n/ hig
Ho\n)]\ < HO 0 ©
] ruyic acid hydroxy-
o) H3PO4 (1 equw) o by pyrfivic acid
Pyryvic acid NEt3(Ze:1uw) ) P2 PEP
(0.06 mmol) Neat, 60 °C, 5 min
NN
NEt, 0
n
_S_
n
(0]
DMS
interng|
andarg)
NN
NEt,
)o 85 80 75 70 65 60 55 50 45 40 35 3.0 25 20 15 1.0 O
f1 (ppm)
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0.00

B.3'P NM?!:t ("H decoupled)

9
HO—?—OH
OH
phosphoric acid
9 (0]
P
HO” I\)]\OH
OH
phosphono-
acetic acid

(internal
standard)

) J

20 18 16 14 12 10 8 6 4 2 0 -2 -4 -6 -8 -10 -12 -14 -16 -18 -20 -22 -24 -26
f1 (ppm)

3) Base and phosphate source screening

Table S12. Alternative synthesis of PEP from Pyr-CI.

o) (0]
e A on
o g sourzce (1.equiv) 0 e}
Pyr-Cl CaDS‘éL equiv) AcP-Pyr PEP
(0.06 mmol) 3
Entry Phosphate source Base Solvent Time AcP-Pyr PEP Observation
Side P3 +
1 H3POg4 EtsN CDsCN 3-4h No Yes Polyphosphates
2 HaPO4 Pyridine | CDsCN 3-4h No No Precipitation,
pyruvate + acetate
3 Phosphate buffer pH 2 / / / No No Phosphate +
p p Pyrophosphate
Phosphate +
4 Phosphate buffer pH 6 / / / No No osphate
pyrophosphate
Converted to
52 NBus*H2PO4 / CD3sCN | monitored Yes No polyphosphates over
30 minutes
EtsN PEP is only
6° NBus*H,PO4 (after 5 CDsCN / Yes Yes observed after
min) addition of the base

@ Because of precipitation using the different phosphate source + base, NBus"H.POs was used to characterize the acyl-phosphate of pyruvate.

b For PEP formation, see section V.F.5, p. S59-S60.
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Table S12 Entry 1

A. '"HNMR
1H NMR 400 MHz, CD3CN) 5 5.65 (dd, J = 2.3, 1.1 Hz, 1H), 5.32 (dd, J = 2.6, 1.1 Hz, 1H).
W)l\ o
—_—
OH
H3PO4 (1 equiv)
Pyruvoyl chloride NEts (2 equiv) P2 PEP o
(0.06 mmol) CDsCN, 3 h pyruvic facid
@650 \]
\f// ~ NN
B (dd) ts H
5.32 NEts
M
P3
T T C;\
5.5 5.4 5.3
f1 (ppm)
44
115 110 105 100 95 90 85 80 75 70 65 60 55 50 45 40 35 30 25 20 15 10 05 o¢
f1 (ppm)
B. 3P NMR ('H decoupled) | e
1
HO—I?—OH
OH
phosphoric acid
unknown
HO species
1 1
o HOFP—-OTP—OH
P2 PEP OH OH
n
a A " An_.w‘WM“LJMWLMA Y " " N A \
W AL ANt lon i M Iy
6 14 12 10 8 &6 4 2 0 2 4 % 8 -0 -2 -14 -6 -8 20 -2 -24 26 -28 -30 -3
1 (ppm)
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Table S12 Entry 5

A.3'P ('H decpbupled)

t =60 min 12

t=5min 11
t=4.30 min 10
| t=4min =
t=3.30 min -8
t =3 min 7
Wi A

t=2.30 min 6
M AT .«m'
® t=2min ks
VMR P o,
AcP-Pyr Pyrophosphate | ;- 4 30 min L,
AR A '
t=1min k3

e b ™ o v
AR Wy

W t = 30 sec, addition of the acyl-chloride of pyr |2
ol g WMWNMWWWWWMMMWMWWWMWMWWW

t = 0 sec, only phosphate (tetrabutylammo salt)}-t

T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T
8 7 6 5 4 3 2 1 o -1 -2 3 4 -5 6 -7 -8 -9 -10 -11 -12 -13 -14 -15 -16 -17 -18 -19 -20 -21 -22 -23 -24 -25

1 (ppm)
B.'H NMR o
0 0 )J\n/OH
)J\n/m ®\n)1\ g
o) Tetrabutylam le} pyruvic aci
Acyl-chloride phosphate (1 equiv) P1 Acyl-

(0.2 mmol) CD3CN phosphate

t = 10 min after the addition of the acylichloride of pyr

]

t = 0 sec, only phosphate (tetrabutylammo salt)

L

44 42 40 38 36 34 32 30 28 26 24 22 20 18 16 14 12 10 08 06 04 02
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C. 3'P ('H decoupled)

t =7 min after addition of the acyl-chloride

AcP-Pyr

Pyrophosphate

I
HO—P-OH
&

t=0, only NBuy"H,PO4

22 20 18 16 14 12

-8 -10 -12 -14 -16 -18 -20 -22 -24 -26 -2¢

0 8 6 4 2 0 -2 -4 -6
5
D. HMBC ('H -3'P) kw_MAJlJLJ LJ
t-10
10
o
= Hgo\u,/?H +-8
i \ JF; s
P o}
! e |
f— Hons e i
: F-2
_ triphenylphosphine No coupling
(internal standard) o
‘.P? L
/\O/I\O/\ A
ﬁq-’ 5 L4 é
] o f
triethylphosphate F8
(internal standard)
10
F12
o o 14
1}
P L
HO’I\)J\OH e
OH
18
phosphonoacetic acid
(internal standard) F20
8.5 8.0 7.5 7.0 6.5 6.0 55 5.0 45 40 35 3.0 25 20 15 10 0.5
2 (ppm)
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Table S12 Entry 6

A.'H (CD;CN)

t = 10 min, after Et3N addition

t = 2 min, after Et3N addition

t =0, pyruvoyl chloride addition

il

e,

x J\ \ oy
/WMWMNMW\/\WWWW VWWWWWMWMWWWW/\WMWWWWN’ Ww««fw»ﬂ/ bl s

6.0 5.9 5.8 5.7

5.6

5.5

5.4

T T
5.3 5.2 5.1
f1 (ppm)
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4) Conversion of AcP-Pyr to the Hydroxy-Phosphate of pyruvate P1-OH and P2-PEP in the presence of
water

Pyruvoyl chloride Pyr-Cl (0.06 mmol) and NBu4*H2PO4 (1 equiv) were dissolved in 1 mL of CD3CN and an NMR tube
was prepared (0.6 mL). The reaction was followed by 'H and 3P NMR. When traces of water were present in the
mixture, the AcP-Pyr was converted to P1-OH (see VI. Al4, p. S113 for characterization) and traces of PEP.

0]
)H(m )H(®
NBU4+H2PO4

o Traces of H,O
(1 equiv)

Pyr-Cli AcP-Pyr P1-pyr-OH PEP
(0.0gmmol) CD3CN Y d

H (CD;CN) 0 2
[e) ([
HO— P — OH
° EB\OH
7 | OH
Hsc/z\/ 6 o
: | HOQ,_
(0] o0
5 /\H/OH
0
P2-PEP
LAk
5‘.7 5‘.6 5‘.5 5‘.4 5‘.3 5‘.2 5‘.1 5‘.0 4‘.9 4‘.8 4‘.7
( 1 (ppm)
J ! M L‘__LML d LJJUL

11.0 105 10.0 9.5 9.0 8.5 8.0 7.5 7.0 6.5 6.0 5.5 5.0 4.5 4.0 3.5 3.0 2.5 2.0 1.5 1.0
f1 (ppm)
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31P ('H decoupled)

8 10 %’_

O 31P ("H coupleg

~

—

9 OH
E\| 8|(s)
7 OH -2172

———
/ 2.4 26 -28 -3.0
ook, f1 (ppm) oo

T T
5 0 -5 -10 -15 -20 -25 -30 -35 -40 -45 -50 -55 -60 -65 -70 -75
f1 (ppm)

5) Conversion of cPEP to PEP in the presence of EtsN

NBu4*H2PO4 (1 equiv) and EtsN (2 equiv) were premixed in 1 mL of CD3sCN and an NMR tube was prepared (0.6 mL).
Then, pyruvoyl chloride Pyr-Cl (0.1 mmol) was added to the mixture and, the reaction was followed by *H and 3P NMR
spectroscopy. The formation of cPEP was observed (see VI. A15, p. S118 for characterization), which converted to

PEP over time.

NBusH,PO, (1 equiv)
NEt; (2 equiv)

premixed HO-q
Q0 o P=0
o O7'\
> —_—
Pyr-Cl cPEP PEP
(0.06 mmol)

Yields of PEP after 36 h: 3% determined by *H gNMR (d1 = 45 s,16 scans).

Yields of P3-pyr after 36 h: 1% determined by *H gNMR (d1 = 45 s,16 scans).
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Conversion of cPEP to PEP over time (followed by 'H and 3P NMR).

|__—*r
i

A."H (CD;CN)
t = 36h

T

t=24h

B
\

-

SNV

M

M /‘\

N J

M\Wwwwwwwwmﬂww.f Netmner

L

ka S M fU
. - Nrvrinrm st ) .
t=1h P3 \
5.60 5.55 5.50 5.45 5.40 5.35 5.30 5.25 5.20 5.15 5.10 5.05 5.00 4.95 4.90 4.85 4.80 4.75 4.70 4.65 4.60
1 (ppm)
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B. 31P ('H decoupled)

o
/ /\ﬂ/
(0]
/%ﬁ/ / PEP m
A | " | - I
L, t=1h
Q0o | A ‘ Jods i
o\
/\{o
l; t=60min o
" cpPeP M
M . 4 ﬁ b | T M«M
Lo t = 30 min / .
\‘y‘ L i U"u N \h\ LL MY . i} o ‘ WM
W AL /
t=10 min M A ‘
1
J . L | A
2 1 o0 D 3 a5 57 30 41 -12 13 -14 15 -16 -17 18 -19 20 21 -22 -23 -24
17 1.8 f1 (ppm)
f1 (ppm)
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VI. Characterization of the products and the paste

A. Characterization of the products of the phosphorylation reaction (scaled-up reactions)

Representative procedure for the scaled-up reactions: The substrate (0.3 mmol) and P4O10 (1 equiv) were weighed
together in a 2 mL microcentrifuge tube with lid and mixed for 20 s using a vortex. Then, either pyridine or 1-
methylimidazole (2 equiv) was added, and the mixture was centrifuged for 2 min. Unless otherwise specified, the
retrieved paste was heated for 5 min at 60 °C in a thermoshaker. After the indicated time, 1 mL of D20 was added to
the mixture and the general procedure GP-1 was applied for NMR sample preparation.

1) P1-pyr-im characterization (with 1-methylimdazole)

1) P4040 (1 equiv) 0, OH
0] gz-n;:Lhi\)lll)imidazole O'E\OH Ho O oH
HO Neat, 60 °C, 5min ,gﬁ 2, OH  HO e 0 .
0 2) D,0 13""\9{93 ) 3
Pyr " P1-pyr-im P2-pyr (PEP) P3-pyr
(0.3 mmol)

1H NMR (500 MHz, D20) 6 8.83 — 8.82 (br, 1 H, H-7), 7.43 (br, 1 H, H-9), 7.27 (br, 1 H, H-10), 3.70 (s, 3 H,
H-13), 2.02 (s, 3 H, H-4) ppm.

13C NMR (126 MHz, D20) & 170.0 (d, Jcp = 8.5 Hz, C-1), 135.6 (C-7), 123.5 (C-9), 120.2 (C-10), 88.7 (d,
Jep = 6.6 Hz, C-2), 36.0 (C-13), 22.6 (d, Jcp = 2.8 Hz, C-4) ppm.

3P NMR (202 MHz, D20) & -5.41 (s) ppm.
15N NMR (36 MHz, D20) 5 173.03 (N-11), 195.28 (N-8) ppm.
HRMS (ESI*): Calcd m/z for [C7H1206N2P*] [M*]: 251.0427; Found: 251.0428 (0.2046 ppm).

The product P1 was assigned as a phosphorylated covalent adduct of pyruvate and the base (see below). While P1 refers
to the general structure of the intermediate, P1-pyr-py and P1-pyr-im, respectively refer to the phosphorylated adduct
containing pyridine (Py) and 1-methylimidazole (Im), respectively.

The structure of P1-pyr-im was attributed based on the following observations. The HMQC (*H - 3'P) NMR showed a
correlation between the -CHs (6 = 2.02 ppm) of the pyruvate moiety (C-4) and the phosphate peak (-5.23 ppm) with no
associated coupling constant, suggesting a long distance (at least 4 bonds distance) between the two chemical groups.
13C NMR and *H, *3C-2D spectra showed two parts of the molecule. The first part proved to be the pyruvate moiety
with the protons of the -CH3s (H-4) having a direct correlation with the C-3 at 22.3 ppm (Jc-p = 2.8 Hz) and two second
correlations with the C-1 at 169.9 ppm (Jc-p = 8.5 Hz) and with the C-2 at 88.6 ppm (Jc-r = 6.6 Hz) detected by HMBC.
The second part was the Im moiety, with three distinct peaks at 8.83 ppm (H-7), 7.43 ppm (H-9) and 7.27 ppm (H-10)
integrating for 1 proton and the -CHs at 3.7 ppm (H-13) integrating for 3 protons (as well as the -CHs moiety of pyruvate

61



at 2.02 ppm). These protons of the Im showed direct correlations with their respective carbons (i.e., C-7, C-9, C-10,
and C-13. A NOESY spectrum showed correlation between protons H-7 and H-9 of the Im moiety with the -CHs of the
pyruvate moiety. In addition, a HOESY spectrum (which might show correlations between the phosphate and the
protons of the Im moiety) showed correlation between protons H-7 and H-9 and the phosphate of the molecule. Finally,
a'H, N-HMBC experiment allowed us to indirectly measure the 15N signals. This experiment revealed the two nitrogen
atoms N-11 (at 173 ppm) and N-8 (at 195 ppm) of Im; N-11 showing the main correlation with H-13, and further ones
with H-7 and H-9 but no correlation with H-10; N-8 showing the main correlation with H-3 of the pyruvate moiety, with
H-7, and H-10, but no correlation with H-9.

The product was not purified because of the low yields obtained, the poor stability of this kind of product on silica, and
the poor solubility of the paste.

8.83
8.83
8.82
27
22
22
20
19

8

8

8

7

0

2.02

7
7
7
7.
7.
7
7
7
7.
3

~ B
H
(e]
HO\! 17
/ o
HO 3 /?H
16

L LU - UJL Pu ALJLL L

T
9.0 8.5 8.0 7.5 7.0 6.5 6.0 5.5 5.0 4.5 4.0 3.5 3.0 2.5 2.0 1.5 1.0
f1 (ppm)
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31P ('H decoupled)
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The NMR data for product P1 could potentially be assigned either to a linear (Fig. S4A, left) or a cyclized form (Fig. S4A,
right). The phosphorous-carbon coupling constants Jc-» were used to differentiate these species.

The C-1 and C-2 atoms of P1-pyr-im show similar/close coupling constants (Jc-p= 8.5 Hz and Jc-p = 6.6 Hz respectively)
with the phosphate group while C-4 has a smaller value (Jcr = 2.8 Hz). Similarly, the phosphorylated adduct obtained
with Py as base (P1-pyr-py) shows the same characteristics: C-1: Jc-p = 9.6 Hz; C-2: Jcp= 7.9 Hz; C-4: Jcp= 1.8 Hz
(see below, section VI.A2, p. S69). PEP has similar characteristics in aqueous solution: C-1: Jc.p = 6.8 Hz; C-2: Jcp=
7.1 Hz; C-3: Jcp =4.0 Hz (Fig. S4B, left).

The similar magnitude of the Jc.p of C1 and C2 had been interpreted by Baccolini and co-workers to originate from the
formation of a 5-membered cyclic phosphate (Fig. S4B, left).B!

According to our computations, such a five-membered structure does not correspond to a minima but rather to a
transition state of phosphoryl transfer (see Sl VII.C, Fig. S7, p. S145). Furthermore, we computed the Jc-p as a function
of the dihedral angle for PEP (see Sl VII.D, Fig. S8, p. S146). These computations indicated that Jc-r between C-1 and
phosphorous varies greatly and is largest for a C-C-O-P dihedral angle of 180 °. Thus, Jc-pis not a suitable measure
for distance between C-1 and P and even is largest when these two groups are farthest away. Accordingly, we discard
the cyclic form of P1 and suggest the open structure (Fig. S4A, left).

Further evidence for this interpretation comes from measurement of Jc.p of PEP and its dimethyl ester (Fig. S4B),[
the latter of which cannot cyclize: similar coupling constant are observed in both cases, contrasting the proposed cyclic
structure of PEP.

A. Product P1, non-cyclic vs cyclic products B. PEP in D,0 and an anologous product
; proposed by
0 ! OH ! Baccolini et al.:
13 “/OH : HO O\\ | HO OH o
7 P \ o—R—OH p—OH N/ Il_OMe
\NAB O/ N | \ O’\ ! O_p—OH ~PQ
@ N OH + N yA\ . 0 , 900 1, \ 07 “ome
\Q/ o~ OH ' ® N—73 1_OH 1 O 1, OMe
10 g h E/ 3 3 Z
0 ! 0 o I 0 0
1
P1:C-1,Jcp=85Hz P2:C-1,Jcp=6.8Hz C-1,Jcp=6.3Hz
C-2,Jcp=6.6Hz C-2,Jcp=7.1Hz C-2,Jcp=7.5Hz
C-4,Jcp=28Hz C-3,Jcp=4.0Hz C-3,Jcp=45Hz

Figure S4. (A) Product P1 and its two plausible forms according to the observed coupling constants Jc.p. (B) Two plausible representations of PEP (left)
in solution according to its associated coupling constants Jc.p. An analogous product (right) and its associated coupling constants Jc.p.
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2) P1l-pyr-py characterization (with pyridine)

o\\ /

OH
1) P4O49 (1 equiv)

? Pyridine (2 equiv) 11 HO OH OH
Hom)k Neat, 60 °C, 5 min @ OH , HO . Me)g(o o

Pyr "“p1-pyr- .
(0.3 mmol) “PYr-py P2-pyr (PEP) P3-pyr

H NMR (500 MHz, D20) 6 8.97 — 8.95 (br, 2 H, H-11; H-15), 8.74 — 8.63 (br, 2 H, H-12, H-14), 8.02 — 7.88
(br, H-13), both overlapping with pyridine peaks, 2.28 (s, 3 H, H-6) ppm.

13C NMR (126 MHz, D20) 6 170.6 (d, Jcp = 9.6 Hz, C-1), 146.9 (2 C, C-11, C-15), 141.1 (2 C, C-12, C-14,
127.3 (C-13), both overlapping with pyridine peaks, 96.5 (d, Jcp = 7.9 Hz, C-4), 22.0 (d, Jcp = 1.8 Hz, C-6)

ppm.
31p NMR (202 MHz, D20) & -5.41 (s) ppm.

HRMS (ESI *): Calcd m/z for [CsH110sNP*] [M*]: 248.0319; Found: 248.0322 (1.4024 ppm).

@
248.0322 NL:
R=127800 5.08E5
z=1 JZ-685-1#22-62 RT
CsHii OoNP 0.20-0.77 AV: 6138 157
3 1.4024 ppm 0.64-1.90 ,0.00-021 T-
5 100 240.0356 FTMS + p ESI Full ms
I R=128362 [50.0000-750.0000]
3 q z=1
50
: 01 CisHsONP
E 5 7.1364 ppm
o U’ L
2 248.0319 ML
Re119893 211E4
CsH11 OsNP
CBHMO NP CaH11 Oe N1 Py
100 0.0000 ppm p (gss. § /p:40) Chrg 1
E Earrred 250.0367 251.0307 R' 120000 Res Pur - @FWHM
E =g R=112367 R=117199
59 CuahaONP = =2
1 =il CiH1a0aNP CsH1sOsNP
E 58656 ppm 47.7181 ppm 1.5185 ppm
e e e e AR e o RN Atecs s L e s A man e e AT e e e e e et
2475 2480 2485 2490 2495 250.0 2505 251.0 2515

miz
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3)

PEP (P2-pyr) characterization

IH NMR (500 MHz, D20) 6 5.73 (t, Jun = 2.3 Hz, Jup = 2.3 Hz 1 H), 5.40 (t, Jun = 2.2 Hz, Jup = 2.2 Hz, 1 H)

ppm.

13C NMR (126 MHz, D20) & 165.8 (d, Jcp = 6.8 Hz, C-1), 143.9 (d, Jcp = 7.1 Hz, C-2)), 109.7 (d, Jcp = 4.0

Hz, C-3) ppm.

31P NMR (202 MHz, D20) 6 -4.41 (t, Jup = 2.2 Hz) ppm.

HRMS (ESI -): Calcd m/z for [C3H4O6P] [M-H]: 166.9751; Found: 166.9742 (-5.4274 ppm).
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166.9742 (0]
R=165656 n_OH
=7
C3H:0eP PN
8 100 54274 ppm 167.9208 HO 0
5 R=160544
s 24 OH
3 s C2HO7P 3
2 -00.8785 ppm
] (0]
g ° 66 6757 . .
Re110503 Chemical Formula: C3H506P
CaH:0sP .
Saton Exact Mass: 167.9824
100
167.0785 168.0794
R=115880 R=110826
= = =2
CuHOP CiuHz0P
, 8.7143 ppm -32.6804 ppm
1665 1668 1670 Ter2 Tera 1676 s 160 1662 T6b4 1666 Tebs 160 1662 1604
miz

NL:

111E8
JZ-685-neg-1#21-66 RT
0.20-062 AV 46 SB: 79
0.59-1.12 ,0.01-0.20 T:
FTMS - p ESI Full ms
[50.0000-750.0000]

NL
2.24E4

C3HaOsP:

CaH20sP1

p (gss, s /p40) Chrg -1
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4)

P3-pyr characterization (in CD3CN)

0]

Pyr
(0.3 mmol)

0
Ho\ﬂ)k

1) P4O4q (1 equiv)
Pyridine (2 equiv)
Neat, 60 °C, 5 min

O &
1
- %Ojﬁgfo ~

Me 2

2) CD4CN

HO OH OH
P3-pyr

0s 02

3 6
Lje 7h, +H0
Ho © O

P3'-pyr

P3-pyr, which was observed after dissolving the paste in water, could be characterized in CD3CN, where P3-pyr proved
to be the main species after suspending the paste. In water, P3-pyr proved to be stable at room temperature in acidic
conditions, but hydrolyzed when the solution was heated at 90 °C (Table S6). The NMR shifts observed correspond
could also be those of the cyclic form P3’-pyr. Both P3-pyr and P3’-pyr were observed by HRMS (see below).

1H NMR (500 MHz, CD3CN) 6 5.08 (d, Jun = 2.8 Hz, 1 H, H-8), 4.88 (d, Jun 2.8 Hz, 1 H, H-8), 1.80 (s, 3 H,
H-1) ppm.

13C NMR (126 MHz, CD3CN) & 169.2 (C-3), 163.4(C-7), 145.4(C-6), 106.3(C-8), 90.9(C-2), 21.1(C-1) ppm.

HRMS (ESI): Calcd m/z for [CeHsOs] [M-H]: 175.0248; Found: 175.0240 (-4.7237 ppm).

HRMS (ESI): Calcd m/z for [CeHsOs] [M-H]: 157.0142; Found: 157.0133 (-5.7813 ppm).
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O e T T T T ————e
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Characterization of the different species in solution (in D20)
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6) Enolphosphate of phenylpyruvic acid, P2-Ph

1) P4O1o (1 equiv) HO\P//O 13
0 Pyridine (2 equiv) Hé’ ~o 2 14
Ph °
HOVK/ Neat, 60 °C . HOs ! .5
2)D,0 1 16
o) ) D2 o
phenylpyruvic acid P2-Ph

(0.3 mmol)

1H NMR (500 MHz, D20) 6 7.64 — 7.62 (m, 2 H, H-12, H-16), 7.30 — 7.23 (m, 3 H, H-13, H-14, H-15), 7.00
(d, Jup = 1.8 Hz, 1 H, H-1) ppm.

13C NMR (126 MHz, D20) & 167.1 (d, Jcp = 1.2 Hz, C-3), 137.0 (d, Jcp = 8.3 Hz, C-2), 131.9 (d, Jep = 2.2
Hz, C-11), 130.3 (C-12, C-16), 129.8 (C-13, C-14, C-15), 125.6 (d, Jcr = 6.4 Hz, C-1) ppm.

31P NMR (202 MHz, D20) 6 -4.72 (d, Jup = 1.7 Hz) ppm.
HRMS (ESI*): Calcd m/z for [CoH1006P] [M+H]*: 245.0210; Found: 245.0210 (0.2968 ppm).

®
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H
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CoH1w 08P CsHi e Pt
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50 R M G =7 2=2
] | 5033 ppm EpHmEsiP CsHia 0P
e A — 7). W '] E—
2445 245.0 2455 246.0 2465 2470 2475 248.0 2485
mz

IH NMR chemical shifts are in accordance with a previously reported synthesis of P2-Ph.!*]
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7) Enolphosphate of dimethylpyruvic acid P2-2Me

1) P40+ (1 equiv)

OH Base-free
HO Neat, 60 °C, 3 h 7
W - HOW N .
o) 2) D,O o g
dimethyl-pyruvic acid P2-2Me
(0.3 mmol)

1H NMR (500 MHz, D20) & 1.94 (d, Jup = 3.2 Hz, 3 H, H-1), 1.79 (d, Jue = 2.4 Hz, 3 H, H-4) ppm.

13C NMR (126 MHz, D20) 6 166.4 (d, Jcp = 1.0 Hz, C-5), 140.7 (d, Jcp = 6.1 Hz C-3), 132.7 (d, Jcp = 8.4 Hz
C-2), 19.9 (br, C-4), 19.1 (br, C-1) ppm.

31p NMR (202 MHz, D20) & -3.48 (dg, Jue = 3.3 Hz, Jue = 2.3 Hz) ppm.
HRMS (ESI): Calcd m/z for [CsHsOsP] [M-H]: 195.0064; Found: 195.0058 (-3.2168 ppm).

@
195.0058 NL:
R=156021 5.52E7
i JZ-685-neg-4#22-65 RT
CeHs OeP 021061 AV 44 SB: 70
2 100 -3.2168 ppm 0.57-1.09 ,0.010.22T:
5 FTMS - p ESI Full ms
5
] 194 0458 196.0091 [50.0000-750.0000]
g R=165279 R=148546
2 5o =2 =1
@ c:0sP CizHsOP
E 15 5653 ppm 40317 ppm
H 95,0064 NL:
R=110803 210l
P CsHs OeP:
CeHs OeP CsHs 08Py
100 0.0000 ppm p (gss, s /p 40) Chrg -1
196 0098 197 0107 R 120000 Res .Pwr . @FWHM
R=117731 R=119375
50 =7 =2
CizHsOP CizHoOP
o USRI -27.9304 ppm
e e e o T T e e ey e e oo
104.8 1050 1052 105.4 1956 1058 106.0 106.2 106.4 1066 1068 107.0 107.2 107 4
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8) Hydroxy-phosphate of trimethylpyruvic acid (pyr-3Me) with Im P1-(pyr-3Me)-im

13
1
See

1) P4O1o (1 equiv) \8/0=pP—0H

[, 10N !

0 1-methylimidazole , O
HO (2 equiv) HO W

Neat, 60 °C, 60 min & o

0}

) 2) D,0 78

trimethyl-pyruvic acid P1-(pyr-3Me)-im

(0.3 mmol)

1H NMR (500 MHz, D20) & 9.12 — 9.11 (br, 1 H, H-10), 7.74 — 7.73 (br, 1 H, H-12), 7.36 — 7.35 (br, 1 H, H-
13), 3.82 (s, 3 H, H-15), 0.86 (s, 9 H, H-7, H-8, H-9) ppm.

13C NMR (126 MHz, D20) & 168.1 (d, Jecp = 2.6 Hz, C-1), 136.1 (br, C-10), 123.6 (br, C-12), 122.5 (br, C-
13), 96.9 (d, Jep = 9.6 Hz, C-2) 40.0 (d, Jep = 7.7 Hz, C-4), 36.0 (br, C-15), 23.9 (3 C,C-7, C-8, C-9) ppm.

31P NMR (202 MHz, D20) & -3.66 (s) ppm.
HRMS (ESI*): Calcd m/z for [C10H1806N2P*] [M]*: 293.0897; Found: 293.0895 (-0.7891 ppm).
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2030805 NL
R=116626 8.7866
2=1 17685542277 RT
CroH1s OsN2P 0.200.72 AV: 56 SB: 157
3 0.7891 ppm 069194 ,000-021T
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o -0102 pp -6.9548 ppm 18.8846 ppm
2028 | 2050 2052 | 2054 2086 | 2058 | 2040 203 | D944 2946 | 2048 2050  2ob2 | 2054 2058 | 20b8 | 2050 2962 | 2064 | 2066
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9) Enol-phosphate of methylpyruvic acid P2-1Me — Z-isomer according to Jc-pl>6l

(¢}
HOW
(¢}

methyl-pyruvic acid
(0.3 mmol)

1) P4010 (1 equiv)
Pyridine (2 equiv)
Neat, 60 °C, 5 min

2) D,O
) 2 (0]
P2-1Me

HO\;SK/ ’
4

H NMR (500 MHz, D20)  6.46 - 6.41 (qd, Jch= 7.2 Hz, Jup= 2.4 Hz, 1 H, H-4), 1.71 — 1.67 (dd, Jcn=7.2

Hz Jup= 2.9 Hz, 3 H, H-7) ppm.

13C NMR (126 MHz, D20) & 166.1 (d, Jep = 1.3 Hz, C-1), 138.4 (d, Jcp = 8.3 Hz, C-2), 127.8 (d, Jcp = 5.6

Hz, C-4), 10.9 (C-7) ppm.

31P NMR (202 MHz, D20) 6 —3.86 (t, Jup = 1.3 Hz) ppm.

HRMS (ESI*): Calcd m/z for [C4HsOsP] [M+H]*: 183.0053; Found: 183.0054 (0.6006 ppm).

183.0054
R=146362
=1
CeHsOcP
a
[ 0.6006 ppm
L] 184.0088
S R=147086
2 50 1831748 z=1
2 R=136770 CiiHsOP
5 L. = 8.3237 ppm
& 1830053
R=119893
=7
C4Hg OgP
100 0.0000 ppm
154.0087 185.0006
R=117056 R=119713
50 7= e
C11HsOP C1HeOP
o 7.8974 ppm -29.7971 ppm
AARLASRAS taas At Ao ks s s s e e A e e e A Rt s s a A A e e e e it inant A e
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miz
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10) Enol-phosphate of a-ketoglutaric acid P2-glu

1) P4010 (1 eqUiV)
Pyridine (2 equiv)

o
HOMOH Neat, 60 °C, 5 min-
o o 2)D,0

alphaketoglutaric acid
(0.3 mmol)

1H NMR (500 MHz, D20) & 6.49 - 6.46 (td, Jen = 7.3 Hz, Jup = 2.4 Hz, 1 H, H-4), 3.34 — 3.32 (dd, Jcu=7.3
Hz, Jwp= 2.4 Hz, 2 H, H-7) ppm.

Because of low yields, the carbon NMR of P2-glu was not assigned.
31P NMR (202 MHz, D20) 6 —4.16 (q, Jup = 2.5 Hz) ppm.
HRMS (ESI*): Calcd m/z for [CsHsOsP] [M+H]*: 226.9951; Found: 226.9952 (0.3309 ppm).

100

@
2269952 NL
R=123189 1.99E6
z=1 J7-685-2#23-82 RT
CsHs OsP 0.21-0.77 AV: 60 SB: 89
2 100 0.3309 ppm 0.66-1.27 . 0.00-0.21 T
g
3 227.0550 227.9986 220 0345 [FETDNAEBJDDTE;D“ nFnununTs
< R=120536 R=131384 R=124021 -0000-730.
£ 50 =1 =1 =2
® CisH1zOP Ci2Hs 03P C1aH1002P
E -30.7527 ppm 6.7902 ppm -29.8730 ppm
20 226.0951 NL:
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= CsHs Os P
EslfoCinl CsHs Os P+
100 0.0000 ppm p (gss. s /p:40) Chrg 1
227.9986 228.0006 R: 120000 Res Pur . @FWHM
R=117380 R=118766
50 =? 7=2
Ci12Hs 03P Ci12He O2P
o BET -23.2386 ppm
L e e e e LA SN L ——TTT
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11) Phosphorylated cyclic form of a-ketoglutaric acid P2’-glu

1) P40+ (1 equiv)

OI Pyridine (2 equiv) b@
Neat, 60 °C, 5 min
HOMOH > 0=y P5cooH
2) D,O
o] o] 2
alphaketoglutaric acid P2'-Glu
(0.3 mmol)

1H NMR (500 MHz, D20) & 3.5 — 3.44 (br, 4 H, H-4, H-7, both are overlapping) ppm.

13C NMR (126 MHz, D20) & 177.1 (br, C-1), 170.3 (d, Jcp = 2.6 Hz, C-3), 103.2 (d, Jcp = 7.7 Hz C-2), 32.4
(br, C-4), 26.5 (d, Jcp = 7.7 Hz C-7, deducted from 3C NMR) ppm.

31P NMR (202 MHz, D20) 6 —4.68 (t, Jup = 1.5 Hz) ppm.
HRMS (ESIY): Calcd m/z for [CsHsOsP] [M-H]: 224.9806; Found: 226.9802 (-1.5296 ppm).

@
2240802 NL:
R=133084 3.19€8
= JZ-685-neg-2#23-60 RT
CsHe OsP 0.22-0.65 AV- 47 SB. 178
200 -1.5298 ppm 064-212 ,0.01-020T:
€ 1004 -
§ 225.0836 226.9845 [FsTn’\gSnmg:n‘ Eggg]‘s
g R=129725 R=133926
2 50 =1 =1
g Ci2H2 03P C12Hs 02 P
H 4.7939 ppm -26.8229 ppm
& 224 9806 NL:
R=119893 218E4
=2 CeHeOg P
CsHe 08P CeHe 05 P+
100 0.0000 ppm P (gss. s /p:40) Chrg -1
] 226.9840 226.0850 207.0883 R:120000 Res .Pwr . @FWHM
] R=117390 R=118836 R=117488
50 2= =2 =2
] Ci2H202P CizH402P CsHs 0sP
o il 6.5633 ppm -23.4622 ppm 23.5062 ppm

— T
2248 2250

— T T T T T T T T T T T
2254 2256 2258 2260

— T T T T T T T T T T T T T
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HMQC ('H -3'P)
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|- 3 *
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12) Enol-phosphate of oxaloacetic acid P2-ox

(0] (0] 1) P4O49 (1 equiv) (0]
HO Neat, 60 °C, 2 h
NOH - HO 2\3 4 OH
o) 2) D,O o
oxaloacetic acid P2-ox
(0.3 mmol)

1H NMR (500 MHz, D20) & 5.94 (d, Jup = 1.7 Hz, H-3) ppm.

13C NMR (126 MHz, D20) 6 171.2 (d, Jcp = 6.1 Hz, C-4), 166.1 (d, Jcp = 7.1 Hz, C-1), 151.4 (d, Jcr = 8.4
Hz C-2), 109.4 (d, Jcp = 3.9 Hz C-3) ppm.

31P NMR (202 MHz, D20) 6 -5.38 (q, Jup = 1.4 Hz) ppm.
HRMS (ESI): Calcd m/z for [C4H4OsP] [M-H]: 210.9649; Found: 210.9641 (-3.8068 ppm).

9
210.9641 NL:
R=140543 1.11E7
=2 J2685-11-neg#18-54 RT:
C:H:0sP 51‘24“32“?% 0.18-0.52 AV: 37 SB: 140
2 100+ -3.8065 ppm =1 213.0173 1.00-2.01 ,0.01-0.44 T:
5 CeHisOsNP 213.0776 R=137800 Fﬁg”fﬂﬂggﬁsn‘ Egggﬂs
g R=146285 =7 [ - 1
2 ] 23.0607 ppm 212.8841
2 507 1 =1 C2HOsNP
2 50 R=138438 | =0
e ] 1 eH1we 05 -103.3787 ppm
g ] | 2.1380 ppm )
& 2109649 NL:
R=119893 2.20E4
=7
C4Hs0sP:
CiH:0sP C<Hs0s P
100 0.0000 ppm p (gss. s /p:40) Chrg -1
] 2119684 212 0603 213.9726 R 120000 Res Pur . @FWHM
1 R=116584 R=119442 R=116955
50 =7 =7 7=2
] C4Hs0sP CaHsOsNP CaHsOsNP
0 ] -20.6885 ppm 6.1269 ppm -14.9158 ppm
B e aaan e e AR s A ey e e e N T T T
2105 2110 2115 2120 2125 213.0 2135 2140
maz
s s
33
6
" v
1
H water supp o
P/ 13 .
Ho” 10 0
12 | 9 |
6\ / 3 OH
| °
5 Fs
33
"
3
I
5.94 .
3
P
3
: | L. n
s | U
—_——
5.96 5.94 5.92
f1 (ppm)
8
T T T T T T T T T T T T T T T T T
9.0 8.5 8.0 7.5 7.0 6.5 6.0 5.5 5.0 4.5 4.0 3.5 3.0 25 2.0 1.5 1.0

f1 (ppm)
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o 2\3/ ™ oH ;
” 8 ; F-15
—_——
(53 @ F-10
10 - @ . C“) o) L.5
" Ho P>~"~0oH
S i Oh o
L phosphono-
| acetic acid L5
) (internal
0 / standard)
r10
& F15
0. 20
{ 25
3 30
90 85 80 75 70 65 60 55 50 45 40 35 30 25 20 15 1.0

108

1 (ppm)



¢y

—171.26
-1 —~171.20

171.26
< 171.20

166.15
< 166.08

"l
€TTLT
P 1

217991
P s

IR
(wdd) 14

151.53
< 151.45

(p) ¢

i
6b°TST

_~151.53
- ~151.45

(wdd) 14

0°TST S'IST

_-109.44
~-109.40

(wdd) 14
60T

109.44

6109.40

01T
L
\
60T
(P) ¥

(wdd) 14

zL
or OH

v L
/\ﬁ/ "
€
0]
€l
0]

The 3C NMR spectrum was recorded in 1 M acetate buffer at pH 5 to limit the hydrolysis of P2-ox.
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13) From levulinic acid to its non-phosphorylated base-adduct

9
1) P,044 (1 equiv) \
1-methylimidazole N\|14
o) (2 equiv) ll@ll\l
HOM Neat, 60 °C, 60 min__ o1 OH
2) D,0 4 5 >
o o)

levulinic acid
(0.06 mmol)

IH NMR (500 MHz, D20) & 8.95 — 8.94 (m,1 H, H-14), 7.61 — 7.60 (t, Jux= 2 Hz, 1 H, H-12), 7.43 — 7.42 (t,
Jun=1.9 Hz, 1 H, H-11), 3.79 (s, 3 H, H-9), 2.79-2.67 (m, 4 H, H-4, H-8), 1.9 (s, 3 H, H-5) ppm.

HRMS (ESI*): Calcd m/z for [CoH1503N2] [M+H]*: 199.1077; Found: 199.1078 (0.2633 ppm)

Relative Abundance

199.1078
R=144504

2=1
CsHisOaN2

0.2633 ppm
1007 200.1282
B R=128588
1 =1
504 CroHs 02N
1 0.2735 ppm
o1 1 J
00,1077
R=110803
z=?
CoHis 03Nz
0.0000 ppm
1009 2001111
E R=119275
503 =7
3 CizHON
] 20.5030 ppm
1 b
T T
1089 1990 1901 1992 1093 1994 1995 1096 1997 1098 1999 2000 2001 2002 2003 2004 2005 2006 2007
miz
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2.97ES

J7-685-T#19-67 RT
0.18-0.63 AV. 40 SB. 116
0.58-1.46 ,000-020 T
FTMS + p ESI Full ms
[50.0000-750.0000]

NL.
2 10E4

CsHis 02Nz
p (gss. s /p:40) Chrg 1
R: 120000 Res Pur . @FWHM
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31P ('H decoupled)

No phosphorylated
products

12422201816 141210 8 6 4 2 0 2 -4 -6 -8 -10-12-14 -16 -18 20 -22 -24 -26 -28 -30 -32 -34 -36 -38 -40
Interestingly, when the reaction was performed from levulinic acid (a y-ketoacid) using 1-methylimidazole, the nucleophilic
attack occurred on the ketone, generating the in-situ hydroxylate, but no phosphorylated product was observed. The
observation of a hydroxy-phosphate product (P1 product) could be the result of the phosphorylation of an in-situ generated
hydroxylate without going through an acyl-phosphate intermediate. However, no phosphorylated products were observed in
that case, favoring the mechanism through an acyl-phosphate intermediate. This intermediate was not observed using pyridine
or triethylamine.
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14) P1-pyr-OH characterization

0

e
0]
Pyr-Cl

(0.1 mmol)

)Y® o
B _—

NBu,4 H,PO, Traces of H,O 4

(1 equiv) AcP-Pyr P1-pyr-0H
CD;CN

Pyruvoyl chloride Pyr-CI (0.1 mmol) and NBus*H2PQO4 (1 equiv) were dissolved in 1 mL of CD3CN and an NMR tube
was prepared (0.6 mL). When traces of water were present in the mixture, the AcP-Pyr was converted to P1-pyr-OH

(characterization below).

H NMR (500 MHz, D20) 6 2.16 (s, 3 H, H-4) ppm.

13C NMR (126 MHz, D20) & 164.2 (d, Jcp = 11.2 Hz, C-1), 96.0 (d, Jcp = 5.4 Hz C-2), 27.8 (d, Jcp = 7.6 Hz,

C-4) ppm.

31p NMR (202 MHz, D20) & -2.7 (S) ppm.

HRMS (ESI): Calcd m/z for [C3HesO7P] [M-H]:

184.9857; Found: 184.9849 (-4.2261 ppm).

113

184.9849
R=150649
=1
C3He O7P
] -4.2261 ppm
£ 100 154 0008 PPl 185.0012 1870717
bl R=148005 -
< R=151279 e Retacees
£ 50 2=1 CaH7 O7P CsH1sOsNP
2 COsNP ~12.3720 ppm b
& 19.5197 ppm = por EAMd‘Slppm
& o 184 9857
R=119893
=7
CaHz O7P
100 0.0000 ppm
185.9891 186.9899
R=115541 R=119777
50- 7= =7
CaH7O7P C2Ha QNP
. 231 5257 ppm 8 aszs pom
e o e e aae M e e i M Prere e
184.8 185.0 185.2 185.4 185.6 1858 "186.0 1862 186.4 1866 1866 1870 1872 187.4
mz

NL:

528E6
JZ-709-1-neg#19-52 RT.
021-053 AV 34 SB” 151
048175 001023 T:
FTMS - p ESI Full ms
[50.0000-750 0000]

NL-

223E4

CaHg O7 P

CaHs O7P1

P (gss, s /p:40) Chrg -1

R 120000 Res Pwr . @FWHM
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HMQC ('H - 3'P)
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HSQC ('H - '3¢)
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HMBC ('H - 3C)
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15) cPEP characterization

NBu4 H,PO,4 (1 equiv)
NEt; (2 equiv)

premixed
e
0 o-A
)H(CH > /\1«0
5 CD4CN 7?2 Y
Pyr-Cl cPEP
(0.1 mmol)

NBus*H2PO4 (1 equiv) and EtsN (2 equiv) were premixed in 1 mL of CD3sCN and an NMR tube was prepared (0.6 mL).
Then, pyruvoyl chloride Pyr-Cl (0.1 mmol) was added to the mixture and the formation of cPEP was observed
(characterization below).

1H NMR (500 MHz, D20) & 5.18 (t/dd, Jun = 2.2 Hz, Jup = 1.4 Hz H-3), 4.88 (dd, JuH = 2.2 Hz, Jup = 1.1 Hz
H-3) ppm.

13C NMR (126 MHz, D20) 6 161.4 (d, Jcp = 7.4 Hz, C-1), 148.0 (d, Jcp = 2.7 Hz C-2), 95.2 (d, Jcp = 11.1
Hz, C-3) ppm.

31p NMR (202 MHz, D20) & -1.7 (t, Jwp = 1.3 Hz) ppm.
HRMS (ESI): Calcd m/z for [CsH20sP] [M-H]: 148.9645; Found: 148.9634 (-7.5668 ppm).

=
148.9634 NL:
R=166050 257E8
=1 JZ-709-3-neg#20-65 RT:
C2HzOsP 0.22-0.65 AV- 46 SB: 152
2 -7.5668 ppm 052104 ,0.01-0227T
£ 100 1409667 FTMS - p ESI Full ms
e ] . g
S 7 R=165540 [50.0000-750.0000]
£ s0] z=1
g ] C3H:05P
£ 1 -37.4837 ppm
& 0 148.0645 NL:
R=119893 2.24E4
=2 C3H205P
CaH20sP CaH208P+
100+ 0.0000 ppm p (gss, s /p:40) Chrg -1
] 149.0670 ETEED R: 120000 Res .Pur . @FWHV
] R=116430 R=110880
50 =7 =2
] C3H:0sP C2H205NP
o] -29.4803 ppm 7.7850 ppm
e et e LA s e o e e s A ABALARAS A Mo e Moo b e e e s e e e MMM Ao s e o e
148.5 149.0 1495 150.0 150.5 151.0 1515 152.0 1525
miz
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PEP
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4.67 Side P3
4.67 Side P3

— 12.02 Pyr-COOH

(NO%a2) H,

r 5.37 PEP

- 5.37 PEP

I 5.19 Int. PEP
I 5.18 Int. PEP
- 4.89 Int. PEP
I 4.89 Int. PEP
- 4.89 Int. PEP
- 4.89 Int. PEP
- 4.87 Side P3
- 4.87 Side P3
F4'81 PEP
4.80 PEP
4.67 Side P3
- 4.67 Side P3
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3.13 TBAP
3.12 TBAP
3.11 TBAP
3.11 TBAP
3.10 TBAP
3.10 TBAP
2.97 TEA
2.95 TEA
2.94 TEA
2.93 TEA
2.17 Pyr-CH3
2.07 acyl polyPi
2.01 AcetylPi
2.01 AcetylPi
1.94 CD3CN
1.90 Acetate
1.68 Side P3
1.63 TBAP
1.62 TBAP
1.61 TBAP
1.60 TRAP

1.59 TBAP
1.58 TBAP
1.58 TBAP
1.57 TBAP
1.38 TBAP
1.36 TBAP
1.35 TBAP
1.33 TBAP
1.32 TBAP
1.30 TBAP
1.22 TEA
/ 1.20 TEA
110 TEA

0.97 TBAP

0-95 FBAR
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31p ('H decoupled) | 31P ("H coupled)
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HMQC ('H - 3'P)
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P) 1

20°'8¥T
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_~ 148.03 AcP-PEP
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-
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170.13 AcetylpolyPi
169.49 P3 side
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168.96 PEP
-— 166.18 5.6-5 ppm
™\- 164.79 P3 side
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173.81 Acetate
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-
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123



HSQC ('H - 3¢C
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Figure S5. (A). DFT calculations of the *3C chemical shifts and the associated coupling constant of plausible cPEP structures. (B) Obtained chemical
shifts of the observed product.

The experimental spectra of pyruvic acid, PEP, and the observed product (cPEP) were calibrated by setting the C-2
chemical shift of pyruvic acid at its calculated value & = 222.7 ppm. Their chemical shifts are described in Figure S5.
An error of 10 ppm was observed. The structure of cPEP (Fig. S5B) was assigned according to the observed chemical
shifts and the associated coupling constants. For details of the DFT method, see Table S17 + Fig. S9 (section VII. E.,
p. S147-S148).

B. Magic Angle Spinning (MAS) solid-state NMR for the characterization of the paste

1) S!P{1H} DP/MAS (Direct Polarization), CP/MAS (Cross Polarization) and 'H-3'P FSLG HETCOR NMR

Reactions were set up as described in the general procedure GP-Il. After 10 min at 60 °C, the reaction was stopped
and the paste was inserted in 3.2 diameter OD zirconia rotors closed with vespel caps. Samples were spun at 22.5 kHz
in a triple resonance MAS probe (Bruker™) on an AVANCE 500 MHz wide bore spectrometer (Bruker™). All
experiments involving 3P detection were done at room temperature on an AVANCE 500 MHz wide bore spectrometer
(Bruker™) operating at a frequency of 500.12 MHz for *H and 202.42 MHz for 31P. Both DP (Direct Polarization) and
CP (Cross Polarization) spectra were acquired with a 30.52 Hz/pt resolution, namely 4096 data points in time domain
and 62.5 kHz for the spectral width (308.76ppm). A B1 RF field of 100kHz (P90°pulse=2.5us) was used 1D 31P{1H}
DP/MAS and 32 transients were taken with a 1s recycle delay thus leading to a total acquisition time of 32 s per
spectrum. CP/MAS experiments were performed by following the so called APHH-CP (Adiabatic Passage through the
Hartmann-Hahn conditions)”# with the modified Hartman & Hahn conditions spin-lock B fields being 73.5 kHz for 3P
and 96 kHz for *H. Contact times of 150 us and 3 ms were used in order to check proton to phosphorus proximities.
Here the recycling delay was set to 3 s and 8192 scans were acquired, thus giving overall acquisition time of ca 7 h. In
order to get undistorted lineshapes and flat baselines, a rotation synchronized Hahn echo!® was inserted prior to FID
acquisition for all CP/MAS based experiments (including the bidimensional *H-31P HETCORS). Also the H spectra
obtained here at 22.5kHz spinning frequency were acquired directly with this pulse scheme (Pgo-t-P1so-t) and the
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corresponding echo time set to 4 rotation periods (178us), allowing probe background signals suppression. For the
proton side, the B1 RF field was set to 121 kHz for hard pulse while decoupling was achieved through the SPINAL-64
decoupling sequence at 90 kHz RF strength!'® for all experiments. The bidimensional *H-3'P heteronuclear correlation
(HETCOR) experiments with frequency-switched Lee-Goldburg (FSLG) irradiation during the evolution timel*!l were
obtained with the following conditions: the duration of the successive FSLG pulses was 5.997 s, corresponding to an
effective *H-'H decoupling field of 166.8 kHz and the same modified Hartman and Hahn conditions for the CP step
(73.5 kHz 3P /96 kHz H). Two different contact times were used during the CP step: 150 ps for close contact *H-31P
detection and 3 ms for longer *H-3'P distances sensing. 224 complex data points were acquired in the 'H indirect
dimension and for each t1 increment 384 scans were accumulated over 4096 time domain data points with the same
recycle time as previously deascribed (3 s). The corresponding spectral widths were 16217 Hz for *H (32.4329 ppm)
and 62.5 kHz for 3P (308.7655 ppm), leading to a frequency resolution of 144.8 Hz and 30.52 Hz respectively. A 90°
shifted squared sinebell apodization function was applied in both dimensions prior to the Fourier transform. Chemical
shifts are given respective to tetramethysilane (TMS) for *H NMR using adamantane as a secondary reference; HsPOa
(80% saturated solution) was used as the reference for 3'P NMR.

A."H MAS NMR
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D.3'P, 'TH HETCOR MAS NMR
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2) High Resolution MAS NMR (HR-MAS NMR)

Reactions were set up as described in the general procedure GP-Il. 1-Methylimidazole was used as base. After 10 min
at 60 °C, the reaction was stopped, and the paste was packed into HRMAS zirconia rotors of 4 mm OD closed with
Kel-F caps (sample volume 60 pl) with 5 pl of CD3CN for locking purposes. Data were acquired on an AVANCE HD
500 MHz spectrometer (BrukerTM) operating at a frequency of 500.046 MHz and equipped with a double-resonance
HRMAS iProbe (BrukerTM). Samples were spun at 6.5 kHz and 1D data acquired using a MAS rate synchronized Carr-
Purcell-Meiboom-Gill (CPMG) pulse sequence (relaxation delay 90°—( t —180°— t)n— acquire FID, t=1/6250Hz=160 ps,
n=40). In order to get a flat baseline, the broader signals arising from the probe background were removed and *H
signals coming from rigid parts of the system were filtered out [*213] 16 transients were accumulated over 16384 time
domain points, leading to a 3 Hz/point resolution (Spectral Width = 25000Hz, 49.9 ppm) with a total recycle time of 5.3
s. After a Fourier Transform over 32768 points, an exponential line broadening of 5 Hz was applied. 2D 1H-1H RFDR
(Radio Frequency Driven Recoupling) was employed here as residual dipolar interactions (through space) may have a
chance to be detected in these systems['4l together with through bond interactions (TOCSY like). Here two experiments
were done: synchronous (through bond and through space detection) and asynchronous (only through bond detection,
not shown). No difference was observed between the two, meaning that no residual dipolar interactions were detected
with the 80 ms mixing time that was used. 512 complex data points were acquired in the indirect dimension and for
each t1 increment 16 scans were accumulated over 1024 time domain data points with a 5 s recycle delay.
Corresponding spectral widths were 25 kHz (49.9 ppm) and 7 kHz (14 ppm) giving a frequency resolution of 12.21 Hz
and 27.35 Hz in the f2 and f1 dimensions. A 90° shifted squared sinebell apodization function was applied in both
dimensions prior to the Fourier transform.
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A."H HR-MAS NMR
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C. Alternative solvents for the characterization of the paste (is PEP formation coming from
hydrolysis?)

Reactions were set up as described in the general procedure. To figure out if the two products PEP and the acyl
phosphate of pyruvate were formed by hydrolysis of the paste when the latter is dissolved in water, alternative solvents

were used (see Table S13).

Table S13. Solvent screening table with product identification by *H and 3!P NMR spectroscopy.

1) P4O49 (1 equiv)
o) Pyridine (2 equiv) HO OH e
HO Neat, 60 °C, 20 min HO e
> + OH
o 2) Solvent o o
Pyr P2 PEP P3
(0.06 mmol)
Entry Solvent Products Comment
1 Acetone-ds; P3 Poorly soluble, no signals in 3'P NMR
2 Acetonitrile-ds PEP + P3 Poorly soluble
3 Chloroform-d P3 Poorly soluble, no signals in 3P NMR
4 DMSO-ds PEP + P3 Partially soluble

Table S13 Entry 2
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Table S13 Entry 4
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D. Reference spectra of different products
Phospho(enol)pyruvic acid monopotassium salt was suspended in CD3CN. Different additives were added to solubilize
the substrate (Table S14, entries 1-3). Reference spectra of acetylacetone were recorded neat with an insert containing

the deuterated solvent (Table S14, entry 4) to observe the keto-enol equilibrium in neat conditions.

Table S14. Reference of different products with 'H and 3C NMR chemical shifts.

Entry Substrate Additives | Solvent Characteristic peaks (*H + °C)
\\P’O- C-1 (1662), Jep=16Hz
"\ C-2 (148.9), Jep= 9.4 Hz
O ©oH - '
1 P 18-crown | CD:CN | [ (100.5), Jon= 6.1 Hz
i H-3 (dd, 5.56 / 5.12)
Q\P o C-1 (169), Jep= 2.1 Hz
o\ Cc-2 (1525) Jcp=8.9Hz
O oH ’
2 32\&/0- EtN CDCN | 3 (105), Jep= 6 Hz
i H-3 (d, 5.4/ 4.9)
O\\P —on C-1(163.9), Jep= 6.9 Hz
N\ C-2 (144.7), Jep=T7.2 Hz
O oH FsSOzH D:CN ’
3 A OH CFSOs CDCN | £ 3(110.2), Jep = 4.6 Hz
I H-3 (t, 5.9/5.6)
o o OH O
——
)J\/U\ —~ )\/U\ Ratio 1 to 5 (keto:enol)
4 1:5 / neat
acetylacetone acetylacetone See below
(keto) (enol)
o)
o~
52 o) / CDCls See below
methyl ester of
phenylpyruvic acid

aPrepared according to a literature procedure.
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Table S14 Entry 4
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Table S14 Entry 5
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VIL. DFT computations

A. General procedure

Initially, all structures were subjected to a conformational search using the CREST tool from Grimme and coworkers at
the GFN2-xTB level and the ALPB solvation model for water.!*5I All conformers were subsequently optimized with the
Gaussian 16 software packagel® at the SMD(water)17/M06-2X[18/Def2-SVP1 level of theory. Frequency analyses at
the same level considering Grimmes quasi-harmonic corrections were performed to confirm that all structures
correspond to minima (or transition states).?! Transition states were further verified by IRC computations and visual
inspection of the imaginary vibration. The thermal corrections were next combined with single-point calculations at the
SMD(water)/M06-2X/Def2-TZVPD level. Gibbs energies for unique conformers were Boltzmann weighted and, finally,
a free energy change of +7.92 kJ/mol (= R - 298 K - In(24.47 L mol~Y/L mol2)) was applied for their conversion from the
gas phase (1 atm) to liquid phase (1 M). Structures were visualized with CYLView.[2!]

B. Transition states for phosphoryl transfer

To investigate the relative nucleophilicity of the different sites of pyruvic acid to undergo phosphoryl transfer, we
computationally studied the model reaction with pyridinium phosphate PyPOsH. PyPOsH has been used in multiple
experimental and computational studies on phosphoryl transfer and is considered a potentially relevant species also
for the conditions of this study.[?22% The reaction of P4O10 with pyridine was shown to yield adducts of the form P20sPys>,
which can further hydrolyze to the zwitterionic pyridinium phosphate PyPOsH. Both P20sPy2 and PyPOsH are potential
phosphorylating agents for pyruvic acid. However, we decided to use PyPOzH as the model phosphorylating agent for
our computations.

Table S15. Raw data from DFT calculations at the SMD(H20)/M06-2X/Def2-TZVPD//SMD(H20)/M06-2X/Def2-SVP
level (in hartree) for the transition states of phosphorylation.

Filename (.xyz) EC (hartree)? GO (hartree)® EC (hartree)® G% (hartree)? Gl
py2_po3h_carboxy_tsl -1405.394400 -1405.159522 -1406.777718 -1406.542840 0.0

py2_po3h_enol_carboxy_ts1 -1405.381848 -1405.144988 -1406.765655 -1406.528795 36.9
py2_po3h_enol_oa_tsl -1405.374991 -1405.138317 -1406.756524 -1406.519850 60.4

@ Electronic energy at the SMD(H20)/M06-2X/Def2-SVP level (in hartree).

b Gibbs energy at the SMD(H20)/M06-2X/Def2-SVP level (in hartree).

¢ Electronic energy at the SMD(H20)/M06-2X/Def2-TZVPD//SMD(H20)/M06-2X/Def2-SVP level (in hartree).

4 Gibbs energy at the SMD(H20)/M06-2X/Def2-TZVPD//ISMD(H20)/M06-2X/Def2-SVP level (in hartree) calculated as G% = E% + (G% — E9).
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Pyridinium phosphate as a model for phosphoryl transfer
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Figure S6. Top: formation of pyridinium phosphate. Bottom: transition states for phosphoryl transfer to pyruvic acid
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C. Thermochemistry of pyruvate phosphorylation in acidic water

Most of the experimental characterization of products was obtained after dissolving the paste in water. Due to the
hydrolysis of unreacted P4O10 (or other phosphorylated species), the resulting solution was found to be highly acidic
(=pH 1). Thus, we decided to model the overall thermochemistry of pyruvate phosphorylation using an aqueous
solvation model assuming full protonation of all phosphate sites. Due to the highly approximative nature of the model,
the computed thermochemistry should be considered to be only of qualitative nature.

While we additionally computed the activation barriers for intramolecular phosphoryl transfer, these steps
experimentally occur under elevated temperature (60 °C) and paste conditions where the reaction is significantly more
concentrated. Thus, also these energy barriers should rather illustrate the possibility of a pathway but are by no means
accurate representations of the actual reaction.

Table S16. Raw data from DFT calculations at the SMD(H20)/M06-2X/Def2-TZVPD//SMD(H20)/M06-2X/Def2-SVP
level (in hartree) for the thermochemistry in water.

Species Filename (.xyz) EC (hartree)? GO (hartree)® E% (hartree)® GO (hartree)! weighting GPl
H20 h2o -76.335434 -76.329424 -76.440954 -76.434944
H30* h3o0 -76.759817 -76.740884 -76.854743 -76.835810
HaPOq4 h3po4_2 -643.707479 -643.685797 -644.245451 -644.223769 1.0000
weighted -644.223769
Pyr pyr_1 -342.016867 -341.971856 342.422477  -342.377466 0.3718
pyr_3 -342.017626 -341.972580 -342.423007 -342.377961 0.6282
weighted -342.377777
H-Pyr pyr_hyd_1 -418.382081 -418.309840 -418.882132  -418.809891 0.1984
pyr_hyd_2 -418.380970 -418.308520 -418.881070 -418.808620 0.0515
pyr_hyd_3 -418.382088 -418.309404 -418.882240  -418.809556 0.1390
pyr_hyd_4 -418.380293 -418.308319 -418.880976 -418.809002 0.0773
pyr_hyd_5 -418.381205 -418.308971 -418.881060  -418.808826 0.0641
pyr_hyd_6 -418.378465 -418.306509 -418.879823 -418.807867 0.0232
pyr_hyd_7 -418.381977 -418.309328 -418.882481  -418.809832 0.1864
pyr_hyd_8 -418.379340 -418.306997 -418.880433 -418.808090 0.0294
pyr_hyd_9 -418.378546 -418.306895 -418.879437 -418.807786 0.0213
pyr_hyd_10 -418.381429 -418.308436 -418.882085  -418.809092 0.0850
pyr_hyd_11 -418.380756 -418.308631 -418.881577 -418.809452 0.1245
weighted -418.809364 8.8
Pyr-Enol pyr_enol_1 -342.010042 -341.964185 -342.416360 -342.370503 0.7373
pyr_enol_2 -342.008043 -341.962360 -342.413833 -342.368150 0.0608
pyr_enol_4 -342.007798 -341.961733 -342.413896  -342.367831 0.0434
pyr_enol_5 -342.007815 -341.961746 -342.414561  -342.368492 0.0874
pyr_enol_6 -342.008009 -341.962074 -342.414232 -342.368297 0.0711
weighted -342.369912 20.7
PEP pep_h_1 -909.375165 -909.309709 -910.214080 -910.148624 0.3424
pep_h_2 -909.375918 -909.310180 -910.214296 -910.148558 0.3192
pep_h 3 -909.371493 -909.306319 -910.211603  -910.146429 0.0334
pep_h_4 -909.370502 -909.305322 -910.210171 -910.144991 0.0073
pep_h 6 -909.372392 -909.307108 -910.211135  -910.145851 0.0181
pep_h_7 -909.375184 -909.309597 -910.213860 -910.148273 0.2359
pep_h_8 -909.370862 -909.306196 -910.211007  -910.146341 0.0304
pep_h_9 -909.369114 -909.304507 -910.209162 -910.144555 0.0046
pep_h_10 -909.370528 -909.305764 -910.209915 -910.145151 0.0086
weighted -910.148252 48.2
cyPEP cypep_1 -833.003274 -832.961401 -833.747019 -833.705146 0.5184
cypep_2 -833.002651 -832.960551 -833.747177 -833.705077 0.4816
weighted -833.705113 69.7
AcP-Pyr-Cycl  acp_pyr_cycl 1 -909.381615 -909.313893 -910.218932  -910.151210 0.2736
acp_pyr_cyel 2 -909.380948 -909.312497 -910.219131  -910.150680 0.1561
acp_pyr_cycl 3 -909.381719 -909.314029 -910.219014  -910.151324 0.3088
acp_pyr_cycl 4 -909.381045 -909.312959 -910.219253  -910.151167 0.2614
weighted -910.151151 40.6
Int-B int_b_1 -909.366406 -909.302652 -910.207511 -910.143757 0.1882
int_b_2 -909.364810 -909.300207 -910.205231 -910.140628 0.0068
int_b_3 -909.364898 -909.300667 -910.204856 -910.140625 0.0068
int_b_4 -909.365469 -909.301380 -910.207090 -910.143001 0.0844
int_b_ 5 -909.360530 -909.296505 -910.199819 -910.135794 0.0000
int_b_6 -909.363724 -909.299019 -910.201942 -910.137237 0.0002
int_b_7 -909.366789 -909.302597 -910.207246 -910.143054 0.0893
int_b_8 -909.365242 -909.300712 -910.206407 -910.141877 0.0256
int_b_9 -909.363570 -909.300360 -910.204657 -910.141447 0.0162
int_b_10 -909.365134 -909.300765 -910.204997 -910.140628 0.0068
int_b_11 -909.363789 -909.299990 -910.204353 -910.140554 0.0063
int_b_12 -909.365268 -909.300856 -910.204670 -910.140258 0.0046
int_b_13 -909.367522 -909.302887 -910.208030 -910.143395 0.1281
int_b_14 -909.364279 -909.299926 -910.201979 -910.137626 0.0003
int_b_15 -909.364050 -909.300316 -910.205871 -910.142137 0.0338
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Int-C

-909.366024
-909.365805
-909.364743
-909.365568
-909.365353
-909.366374
-909.365929
-909.363423
-909.367293
-909.365783
-909.363778
-909.363015
-909.363352
-909.366320
-909.362607
-909.363997
-909.358315

-985.743819
-985.739891
-985.738874
-985.740103
-985.737754
-985.744268
-985.738211
-985.735608
-985.737814
-985.739230
-985.733794
-985.739007
-985.738563
-985.737198
-985.737164
-985.740268
-985.738119
-985.739907
-985.739440
-985.738532
-985.737229
-985.739866
-985.736649
-985.736618
-985.739005
-985.737108
-985.738105
-985.739291
-985.731557
-985.736303
-985.739248
-985.736132
-985.739006
-985.735471
-985.735664
-985.736419
-985.734793
-985.733517
-985.738811
-985.737722
-985.738218
-985.739655
-985.738639
-985.731512
-985.738629
-985.734063
-985.736542
-985.734691
-985.735432
-985.736423
-985.737140
-985.735353
-985.739665
-985.739034
-985.737806
-985.734608
-985.737103
-985.736718
-985.731191
-985.736236
-985.737540
-985.734848

-909.301777
-909.301463
-909.300603
-909.301341
-909.301315
-909.301754
-909.301146
-909.299628
-909.302092
-909.301796
-909.299893
-909.299420
-909.299432
-909.301040
-909.298479
-909.300140
-909.294197

-985.651895
-985.648761
-985.648262
-985.649439
-985.648154
-985.652498
-985.647818
-985.644941
-985.646814
-985.648348
-985.643998
-985.648144
-985.648485
-985.646910
-985.646791
-985.649749
-985.647836
-985.649184
-985.648423
-985.647865
-985.647065
-985.649683
-985.645891
-985.646436
-985.648128
-985.646718
-985.647822
-985.648584
-985.641578
-985.645282
-985.648378
-985.644962
-985.648106
-985.644643
-985.645336
-985.646242
-985.644301
-985.643668
-985.647377
-985.647490
-985.646800
-985.648990
-985.647497
-985.641790
-985.647560
-985.643363
-985.645805
-985.644772
-985.646111
-985.645791
-985.646597
-985.645228
-985.648359
-985.648133
-985.645329
-985.643966
-985.645219
-985.644500
-985.641599
-985.645340
-985.647144
-985.644920
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-910.205506
-910.205773
-910.206773
-910.206192
-910.206494
-910.207092
-910.205673
-910.204002
-910.208101
-910.205927
-910.203832
-910.204005
-910.205578
-910.207292
-910.200782
-910.205355
-910.197484
weighted

-986.672840
-986.670258
-986.673294
-986.669959
-986.672792
-986.672768
-986.672540
-986.666774
-986.672814
-986.673188
-986.665401
-986.669616
-986.669045
-986.672067
-986.672006
-986.669636
-986.672477
-986.673785
-986.670150
-986.672181
-986.672543
-986.673729
-986.672271
-986.671758
-986.670043
-986.672446
-986.672634
-986.673040
-986.663572
-986.667863
-986.673043
-986.666754
-986.670050
-986.666913
-986.670787
-986.671563
-986.666981
-986.665350
-986.668745
-986.672304
-986.669272
-986.670170
-986.672785
-986.663670
-986.667915
-986.666104
-986.671802
-986.670391
-986.671208
-986.671675
-986.671547
-986.671109
-986.673768
-986.673051
-986.668564
-986.664738
-986.668456
-986.667500
-986.663376
-986.666563
-986.672216
-986.670921

-910.141259
-910.141431
-910.142633
-910.141965
-910.142456
-910.142472
-910.140890
-910.140207
-910.142900
-910.141940
-910.139947
-910.140410
-910.141658
-910.142012
-910.136654
-910.141498
-910.133366
-910.142711
-986.580916
-986.579128
-986.582682
-986.579295
-986.583192
-986.580998
-986.582147
-986.576107
-986.581814
-986.582306
-986.575605
-986.578753
-986.578967
-986.581779
-986.581633
-986.579117
-986.582194
-986.583062
-986.579133
-986.581514
-986.582379
-986.583546
-986.581513
-986.581576
-986.579166
-986.582056
-986.582351
-986.582333
-986.573593
-986.576842
-986.582173
-986.575584
-986.579150
-986.576085
-986.580459
-986.581386
-986.576489
-986.575501
-986.577311
-986.582072
-986.577854
-986.579505
-986.581643
-986.573948
-986.576846
-986.575404
-986.581065
-986.580472
-986.581887
-986.581043
-986.581004
-986.580984
-986.582462
-986.582150
-986.576087
-986.574096
-986.576572
-986.575282
-986.573784
-986.575667
-986.581820
-986.580993

0.0133
0.0160
0.0572
0.0281
0.0474
0.0482
0.0090
0.0044
0.0758
0.0274
0.0033
0.0054
0.0203
0.0296
0.0001
0.0171
0.0000

0.0082
0.0012
0.0535
0.0015
0.0920
0.0090
0.0304
0.0001
0.0213
0.0359
0.0000
0.0008
0.0010
0.0206
0.0176
0.0012
0.0319
0.0801
0.0012
0.0155
0.0389
0.1338
0.0155
0.0166
0.0013
0.0276
0.0377
0.0370
0.0000
0.0001
0.0312
0.0000
0.0013
0.0000
0.0051
0.0136
0.0001
0.0000
0.0002
0.0280
0.0003
0.0018
0.0178
0.0000
0.0001
0.0000
0.0096
0.0051
0.0231
0.0094
0.0090
0.0088
0.0424
0.0305
0.0000
0.0000
0.0001
0.0000
0.0000
0.0000
0.0215
0.0089



weighted -986.582358 50.4

AcP-Pyr acp_pyr_1 -909.373562 -909.310247 -910.211614 -910.148299 0.0109
acp_pyr_3 -909.370308 -909.307175 -910.209119 -910.145986 0.0009
acp_pyr_4 -909.374180 -909.311076 -910.211651 -910.148547 0.0142
acp_pyr_5 -909.374199 -909.310824 -910.211700 -910.148325 0.0112
acp_pyr_6 -909.373089 -909.310496 -910.213234 -910.150641 0.1306
acp_pyr_7 -909.372433 -909.310044 -910.212438 -910.150049 0.0697
acp_pyr_8 -909.372432 -909.309962 -910.212437 -910.149967 0.0639
acp_pyr_9 -909.372343 -909.310079 -910.212894 -910.150630 0.1290
acp_pyr_15 -909.371582 -909.309929 -910.212023 -910.150370 0.0980
acp_pyr_16 -909.372824 -909.310602 -910.212289 -910.150067 0.0710
acp_pyr_18 -909.374054 -909.311130 -910.213496 -910.150572 0.1214
acp_pyr_19 -909.372676 -909.309384 -910.210469 -910.147177 0.0033
acp_pyr_20 -909.374055 -909.311085 -910.213497 -910.150527 0.1157
acp_pyr_21 -909.371617 -909.309069 -910.212550 -910.150002 0.0663
acp_pyr_23 -909.372221 -909.310080 -910.212243 -910.150102 0.0737
acp_pyr_24 -909.370828 -909.308061 -910.211649 -910.148882 0.0202
acp_pyr_25 -909.365618 -909.302631 -910.206121 -910.143134 0.0000
weighted -910.150251 42.9
P1-pyr-OH pl_pyr_oh_1 -985.755833 -985.663401 -986.686010 -986.593578 0.1138
pl_pyr_oh_2 -985.752619 -985.660916 -986.684000 -986.592297 0.0292
pl_pyr_oh_3 -985.752633 -985.661225 -986.684206 -986.592798 0.0498
pl_pyr_oh_4 -985.753068 -985.662007 -986.684343 -986.593282 0.0831
pl_pyr_oh_5 -985.752785 -985.661687 -986.684334 -986.593236 0.0792
pl_pyr_oh_6 -985.750942 -985.659040 -986.682304 -986.590402 0.0039
pl_pyr_oh_7 -985.749821 -985.658625 -986.682528 -986.591332 0.0105
pl_pyr_oh_8 -985.754253 -985.662404 -986.684919 -986.593070 0.0664
pl_pyr_oh_9 -985.756411 -985.664304 -986.686178 -986.594071 0.1919
pl_pyr_oh_10 -985.755140 -985.663176 -986.685070 -986.593106 0.0690
pl_pyr_oh_14 -985.750657 -985.659732 -986.682512 -986.591587 0.0138
pl_pyr_oh_15 -985.751269 -985.659655 -986.682087 -986.590473 0.0042
pl_pyr_oh_16 -985.751057 -985.660157 -986.682982 -986.592082 0.0233
pl_pyr_oh_19 -985.747304 -985.656273 -986.679767 -986.588736 0.0007
pl_pyr_oh_21 -985.751094 -985.660127 -986.683581 -986.592614 0.0409
pl_pyr_oh_22 -985.751217 -985.661152 -986.683827 -986.593762 0.1383
pl_pyr_oh_23 -985.751307 -985.659846 -986.683282 -986.591821 0.0177
pl_pyr_oh_24 -985.751939 -985.660450 -986.684070 -986.592581 0.0395
pl_pyr_oh_27 -985.753028 -985.660631 -986.684540 -986.592143 0.0249
weighted -986.593244 21.8
TSB ts_b -1062.468898 -1062.346791 -1063.487488  -1063.365381 146.0
TSC ts_c -1138.841622 -1138.692765 -1139.952793  -1139.803936 129.1

’ 4
]
ts_c.log
Pathway with Methylimidazole
IM methylimidazole_1  -265.226705 -265.152068 -265.527766 -265.453129 1.0000
weighted -265.453129
H2PO4~ h2po4_1 -643.251152 -643.239080 -643.803324 -643.791252 0.5170
h2po4_2 -643.250910 -643.239143 -643.802955 -643.791188 0.4830
weighted -643.791221
Int-A-Im int_a_im_9 -1175.079367 -1174.904931 -1176.206879  -1176.032443 0.0000
int_a_im_10 -1175.081999 -1174.907667 -1176.208653  -1176.034321 0.0001
int_a_im_13 -1175.083688 -1174.908178 -1176.210010 -1176.034500 0.0001
int_a_im_17 -1175.083050 -1174.908917 -1176.213173  -1176.039040 0.0166
int_a_im_18 -1175.083038 -1174.908915 -1176.213180 -1176.039057 0.0169
int_a_im_19 -1175.083039 -1174.908911 -1176.213181  -1176.039053 0.0168
int_a_im_20 -1175.083037 -1174.908913 -1176.213181  -1176.039057 0.0169
int_a_im_23 -1175.082003 -1174.907445 -1176.208702  -1176.034144 0.0001
int_a_im_27 -1175.082914 -1174.909365 -1176.212976  -1176.039427 0.0250
int_a_im_28 -1175.082552 -1174.907791 -1176.212059  -1176.037298 0.0026
int_a_im_30 -1175.082916 -1174.909369 -1176.212986  -1176.039439 0.0253
int_a_im_31 -1175.083207 -1174.909160 -1176.213507  -1176.039460 0.0258
int_a_im_32 -1175.082915 -1174.909378 -1176.212978  -1176.039441 0.0253
int_a_im_35 -1175.082919 -1174.909471 -1176.212997  -1176.039549 0.0284
int_a_im_36 -1175.078888 -1174.905379 -1176.206708 -1176.033199 0.0000
int_a_im_39 -1175.081335 -1174.906622 -1176.210519 -1176.035806 0.0005
int_a_im_42 -1175.083744 -1174.909233 -1176.213442  -1176.038931 0.0147
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P1-pyr-im

TSA-im

Pyridine

Int-A-Py

int_a_im_43
int_a_im_50
int_a_im_51
int_a_im_53
int_a_im_54
int_a_im_56
int_a_im_57
int_a_im_59
int_a_im_66
int_a_im_67
int_a_im_68
int_a_im_69
int_a_im_70
int_a_im_74
int_a_im_75
int_a_im_78
int_a_im_80
int_a_im_82
int_a_im_84
int_a_im_85
int_a_im_86
int_a_im_88
int_a_im_89
int_a_im_92
int_a_im_93
int_a_im_95
int_a_im_96
int_a_im_97
int_a_im_98
int_a_im_99
int_a_im_100

pl_pyr_im_1

pl_pyr_im_5

pl_pyr_im_9

pl_pyr_im_10
pl_pyr_im_13
pl_pyr_im_16
pl_pyr_im_20
pl_pyr_im_22
pl_pyr_im_23
pl_pyr_im_25
pl_pyr_im_28
pl_pyr_im_29
pl_pyr_im_33
pl_pyr_im_35

ts_a_im

pyridine

int_a_p
int_a_p
mtap

|nt a_| L p
int_a_p
int_a_py_|
int_a_py_py_10
int_a_py_py_11
int_a_py_py_ 12
int_a_py_py_13
int_a_py_py_ 14
int_a_py_py_15

y_py_2
y_py_3
y_py_4
y_py_5
y_py_6
y_py_7
py_9

-1175.078928
-1175.083023
-1175.083886
-1175.083022
-1175.083051
-1175.083014
-1175.083603
-1175.083885
-1175.081957
-1175.083166
-1175.082174
-1175.081956
-1175.082195
-1175.082203
-1175.083181
-1175.082211
-1175.082048
-1175.081721
-1175.082212
-1175.082905
-1175.081578
-1175.081678
-1175.082367
-1175.082173
-1175.082226
-1175.082225
-1175.082216
-1175.081824
-1175.081783
-1175.081825
-1175.081899

-1175.092673
-1175.092453
-1175.094242
-1175.094243
-1175.094242
-1175.093339
-1175.093191
-1175.093673
-1175.093682
-1175.093223
-1175.091433
-1175.088602
-1175.093426
-1175.093409

-1328.186129

-247.994950

-1157.837358
-1157.841377
-1157.839874
-1157.841055
-1157.841632
-1157.841173
-1157.839608
-1157.839778
-1157.841248
-1157.840595
-1157.840610
-1157.840957
-1157.841334

-1174.904736
-1174.909710
-1174.910136
-1174.909757
-1174.909680
-1174.909789
-1174.909351
-1174.910128
-1174.907820
-1174.909155
-1174.908216
-1174.907779
-1174.908019
-1174.908305
-1174.909157
-1174.909686
-1174.908113
-1174.908141
-1174.909708
-1174.908812
-1174.908169
-1174.907405
-1174.909066
-1174.908221
-1174.909651
-1174.909648
-1174.909886
-1174.907552
-1174.907695
-1174.907426
-1174.907619

-1174.916500
-1174.917106
-1174.919080
-1174.919147
-1174.919298
-1174.916872
-1174.916757
-1174.918406
-1174.918606
-1174.917128
-1174.916754
-1174.913408
-1174.917446
-1174.917367

-1327.952050

ts_a_im.log

Pathway with Pyridine
-247.929551

-1157.672045
-1157.675680
-1157.673827
-1157.675056
-1157.677338
-1157.676077
-1157.675149
-1157.675199
-1157.676303
-1157.675558
-1157.675708
-1157.675814
-1157.676108
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-1176.206819
-1176.213252
-1176.213579
-1176.213249
-1176.213324
-1176.213236
-1176.214217
-1176.213579
-1176.210819
-1176.213095
-1176.212631
-1176.210831
-1176.212585
-1176.212592
-1176.213227
-1176.212653
-1176.212250
-1176.211916
-1176.212653
-1176.213052
-1176.211683
-1176.208564
-1176.212912
-1176.212632
-1176.212915
-1176.212916
-1176.212906
-1176.211851
-1176.211618
-1176.211510
-1176.212162
weighted

-1176.219236
-1176.218947
-1176.221645
-1176.221640
-1176.221597
-1176.219959
-1176.220361
-1176.220747
-1176.220766
-1176.220693
-1176.218243
-1176.216530
-1176.219767
-1176.221176
weighted

-1329.492314

-248.273270
weighted
-1158.943526
-1158.949927
-1158.945339
-1158.945609
-1158.949773
-1158.949786
-1158.948258
-1158.948284
-1158.948822
-1158.949459
-1158.949540
-1158.949222
-1158.949307

-1176.032627
-1176.039939
-1176.039829
-1176.039984
-1176.039953
-1176.040011
-1176.039965
-1176.039822
-1176.036682
-1176.039084
-1176.038673
-1176.036654
-1176.038409
-1176.038694
-1176.039203
-1176.040128
-1176.038315
-1176.038336
-1176.040149
-1176.038959
-1176.038274
-1176.034291
-1176.039611
-1176.038680
-1176.040340
-1176.040339
-1176.040576
-1176.037579
-1176.037530
-1176.037111
-1176.037882
-1176.039729
-1176.043063
-1176.043600
-1176.046483
-1176.046544
-1176.046653
-1176.043492
-1176.043927
-1176.045480
-1176.045690
-1176.044598
-1176.043564
-1176.041336
-1176.043787
-1176.045134
-1176.046094
-1329.258235

-248.207871

-248.207871

-1158.778213
-1158.784230
-1158.779292
-1158.779610
-1158.785479
-1158.784690
-1158.783799
-1158.783705
-1158.783877
-1158.784422
-1158.784638
-1158.784079
-1158.784081

0.0000
0.0430
0.0382
0.0451
0.0436
0.0464
0.0442
0.0380
0.0014
0.0173
0.0112
0.0013
0.0085
0.0115
0.0197
0.0525
0.0077
0.0078
0.0537
0.0152
0.0073
0.0001
0.0304
0.0113
0.0657
0.0656
0.0844
0.0035
0.0033
0.0021
0.0049

0.0057
0.0100
0.2125
0.2269
0.2545
0.0089
0.0141
0.0734
0.0917
0.0288
0.0096
0.0009
0.0122
0.0508

1.0000

0.0000
0.0221
0.0001
0.0002
0.0830
0.0359
0.0140
0.0127
0.0152
0.0271
0.0340
0.0188
0.0188

32.9

16.2
137.2



int_a_py py 17 -1157.841386 -1157.676626 -1158.949642 -1158.784882  0.0441

int_a_py_py_18 -1157.840925 -1157.675938 -1158.949648  -1158.784661 0.0349
int_a_py_py_20 -1157.841281 -1157.674962 -1158.945173  -1158.778854 0.0001
int_a_py_py_21 -1157.840961 -1157.676291 -1158.949550  -1158.784880 0.0440
int_a_py_py_22 -1157.840924 -1157.675960 -1158.949168  -1158.784204 0.0215
int_a_py_py_23 -1157.840390 -1157.675446 -1158.949287  -1158.784343 0.0249
int_a_py_py_24 -1157.841789 -1157.676449 -1158.949641  -1158.784301 0.0238
int_a_py_py_25 -1157.840940 -1157.675626 -1158.949741  -1158.784427 0.0272
int_a_py_py_26 -1157.836240 -1157.671124 -1158.942898  -1158.777782 0.0000
int_a_py_py_27 -1157.840893 -1157.675716 -1158.949457  -1158.784280 0.0233
int_a_py_py_28 -1157.839182 -1157.674177 -1158.948063  -1158.783058 0.0064
int_a_py_py_29 -1157.840599 -1157.675708 -1158.949498  -1158.784607 0.0329
int_a_py_py_32 -1157.841783 -1157.676751 -1158.949885  -1158.784853 0.0428
int_a_py_py_33 -1157.836847 -1157.671155 -1158.942783  -1158.777091 0.0000
int_a_py_py_34 -1157.840981 -1157.676010 -1158.949395  -1158.784424 0.0271
int_a_py_py_35 -1157.840702 -1157.675839 -1158.949166  -1158.784303 0.0238
int_a_py_py_36 -1157.840993 -1157.676359 -1158.949428  -1158.784794 0.0401
int_a_py_py_37 -1157.840255 -1157.675038 -1158.948543  -1158.783326 0.0085
int_a_py_py_38 -1157.842119 -1157.676710 -1158.949988  -1158.784579 0.0320
int_a_py_py_39 -1157.840586 -1157.675482 -1158.949110  -1158.784006 0.0174
int_a_py_py_41 -1157.840045 -1157.677338 -1158.949078  -1158.786371 0.2136
int_a_py_py_42 -1157.836844 -1157.671097 -1158.942780  -1158.777033 0.0000
int_a_py_py_43 -1157.839628 -1157.675153 -1158.948107  -1158.783632 0.0117
int_a_py_py_44 -1157.839392 -1157.673702 -1158.948316  -1158.782626 0.0040
int_a_py_py_46 -1157.840099 -1157.675259 -1158.948647  -1158.783807 0.0141
weighted -1158.784925 58.0
P1-pyr-py pl_pyr_py 1 -1157.849000 -1157.682593 -1158.954966  -1158.788559 0.2366
pl_pyr_py 2 -1157.847885 -1157.681201 -1158.953525  -1158.786841 0.0383
pl_pyr_py_3 -1157.849044 -1157.681623 -1158.954283  -1158.786862 0.0391
pl_pyr_py_4 -1157.849902 -1157.683176 -1158.954915  -1158.788189 0.1598
pl_pyr_py 5 -1157.850089 -1157.683631 -1158.955636  -1158.789178 0.4559
pl_pyr_py_6 -1157.847248 -1157.681046 -1158.953208  -1158.787006 0.0456
pl_pyr_py 9 -1157.845233 -1157.679158 -1158.951524  -1158.785449 0.0087
pl_pyr_py_10 -1157.844645 -1157.679432 -1158.951226  -1158.786013 0.0159
weighted -1158.788512 48.6
TSA-py ts_a py_ 1 -1310.944362 -1310.718563 -1312.229455  -1312.003656 0.5555
ts_a_py_2 -1310.943762 -1310.718574 -1312.228634  -1312.003446 0.4445
weighted -1312.003563 136.8

ts_a_py_1.log ts_a_py_2.log

@ Electronic energy at the SMD(H20)/M06-2X/Def2-SVP level (in hartree).

b Gibbs energy at the SMD(H20)/M06-2X/Def2-SVP level (in hartree).

¢ Electronic energy at the SMD(H20)/M06-2X/Def2-TZVPD//SMD(H20)/M06-2X/Def2-SVP level (in hartree).

4 Gibbs energy at the SMD(H20)/M06-2X/Def2-TZVPD//SMD(H20)/M06-2X/Def2-SVP level (in hartree) calculated as G% = E% + (G% — E9).
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Figure S7. Computational study of the thermochemistry of the key steps and the barriers for intramolecular phosphoryl
transfer at the SMD(H20)M06-2X/def2-TZVPD//SMD(H20)/M06-2X/def2-SVP level of theory.

D. Computations of coupling constants

In IH NMR spectra, the Karplus relation is typically used for relating the dihedral angle of protons with the experimentally
observed coupling constant. To aid the assignment of the experimental NMR spectra and specifically the 3C-3!P
coupling constants, we computed a Karplus-type relationship for PEP system. NMR properties were calculated using
the GIAO method as implemented in Gaussian at SMD(H20)M06-2X/def2-TZVPD//SMD(H20)/M06-2X/def2-SVP level
together with the “spinspin® option to compute the coupling constants.

Whereas the computed coupling constants (Fig. S7) might only be qualitatively accurate, they allow for the key
conclusion that the coupling constant between the carboxylate and phosphorous (Je-c3) is highly sensitive on the
dihedral angle and is largest for an angle of 180 °.
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Figure S8. Computed phosphorous-carbon coupling constants as function of the C-C-O-P dihedral angle of PEP at the

SMD(H20)M06-2X/def2-TZVPD//SMD(H20)/M06-2X/def2-SVP level.
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E. Reference NMR shifts in acetonitrile

To aid in the assignment of the NMR spectra recorded in acetonitrile, the 3C NMR shifts and Jcp coupling constants for various compounds were computed. To
resemble the experimental conditions, most phosphates were calculated as the mono-anionic species. For the computations, the same workflow as outlined above
for aqueous solutions was applied with acetonitrile as solvent. Thus, structures were initially subjected to a conformational search using the CREST tool at the GFN2-
XTB level and the ALPB solvation model for acetonitrile. Subsequently, structures were optimized at the SMD(MeCN)/M06-2X/Def2-SVP level, which were combined
with single point computations with SMD(MeCN)/M06-2X/Def2-TZVPD method. Finally, the NMR properties were calculated using the GIAO method at
SMD(MeCN)M06-2X/def2-TZVPD//SMD(MeCN)/M06-2X/def2-SVP level together with the “spinspin“ option for the major conformers (within 4 kJ mol=1). 13C NMR
shifts were calculated subsequently as
Siso :(O'iso _O'ref)

where arer is the isotropic shielding tensor of tetramethylsilane optimized and calculated at the same theory level (SI file: tms_opt_sym.log). Thereby obtained NMR
shifts were subjected to Boltzmann averaging based on the Gibbs energy values. The coupling constants were reported for the lowest conformer (or multiple ones,
as shown below).

Note: As we only used a single reference for the NMR computations (TMS) and neglected potential counterions, a certain error in the computed chemical shifts of
approx. 10 ppm is expected.

Table S17. Raw data from DFT calculations at the SMD(MeCN)/M06-2X/Def2-TZVPD//SMD(MeCN)/M06-2X/Def2-SVP level (in hartree) for the calculation of 13C
NMR shifts. Note: In the following table, the carboxylic acid site is labeled for all compounds C1, the a-site C2, and the (-site C3.

Species Filename (.xyz) EC (hartree)®  G° (hartree)® E% (hartree) G (hartree)? weighting 13C Shielding (ppm)
TMS mecn_tms -448.860719  -448.743833 186.656300
C1l c2 C3
IntB (anion) pyr_enol_po3h_1 -908.901264 -908.847154 -909.757784 -909.707908 0.1254 77.180000 15.932300 4.451000
pyr_enol_po3h_15 -908.906939 -908.853088 -909.757954 -909.708761  0.3100 69.418300 10.223800 3.404600
pyr_enol_po3h_2 -908.905805 -908.850897 -909.760252 -909.709327 0.5646 75.218200 16.354900 1.588200
shift (ppm): 113.0 172.3 184.1
C1l Cc2 C3
IntB (dianion) pyr_enol_po3_1 -908.411498 -908.369366 -909.277970 -909.235838  1.0000 99.7058 -6.446 -3.001
shift (ppm): 87.0 193.1 189.7
C1l Cc2 C3
PEP (anion) mecn_pep_h_1 -908.913807 -908.859900 -909.766816 -909.712909 0.2364 54.4433 12.1599 0.2531
mecn_pep_h_4 -908.914061 -908.859981 -909.766858 -909.712778  0.2057 54.4888 12.2441 0.434
mecn_pep_h_5 -908.915348 -908.861243 -909.767824 -909.713719 0.5579 54.5065 11.1646 0.3629
shift (ppm): 132.2 175.0 186.3
C1l Cc2 C3
cPEP (anion) mecn_cPEP_1 -832.554010 -832.523224 -833.310120 -833.279334 1.0000 76.6042 15.973 7.3374
shift (ppm): 110.1 170.7 179.3
C1l Cc2 C3
cPEP (neutral) mecn_cpep_h_1 -833.003169 -832.961221 -833.748345 -833.706397 0.7205 59.6725 21.2921 13.2993
mecn_cpep_h_2 -833.001494 -832.959508 -833.747490 -833.705504 0.2795 59.2816 21.5296 13.5089
shift (ppm): 127.1 165.3 173.3
C1l Cc2 C3
AcP-Pyr (anion) mecn_acp_pyr_18 -908.913215 -908.860149 -909.767456 -909.718775 0.6556 153.9154 -38.7524 8.842
mecn_acp_pyr_10 -908.908857 -908.856629 -909.765258 -909.717543 0.1777 153.8452 -39.6776 11.1854
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mecn_acp_oyr_14 -908.908793 -908.856562 -909.765179 -909.717483 0.1668 153.8436 -39.6709 11.18
shift (ppm): 32.8 225.7 177.0
C1l C2 C3
P1-pyr-OH (anion) mecn_pl pyr_oh_18 -985.286446 -985.203116 -986.230677 -986.150936 0.7648 157.6798 83.1955 -15.4454
mecn_pl pyr oh 22 -985.281619 -985.199904 -986.227749 -986.149824 0.2352 156.4183 86.397 -8.0915
shift (ppm): 29.3 102.7 200.4
C1l C2 C3
Pyr (acid) mecn_pyr_1 -342.017354 -341.972410 -342.423438 -342.378494 0.7322 153.8825 -36.2556 10.3798
mecn_pyr_2 -342.016369 -341.971437 -342.422477 -342.377545 0.2678 151.9695 -35.5623 14.2738
shift (ppm): 33.3 222.7 175.2
2 Electronic energy at the SMD(MeCN)/M06-2X/Def2-SVP level (in hartree).
b Gibbs energy at the SMD(MeCN)/M06-2X/Def2-SVP level (in hartree).
¢ Electronic energy at the SMD(MeCN)/M06-2X/Def2-TZVPD//SMD(MeCN)/M06-2X/Def2-SVP level (in hartree).
4 Gibbs energy at the SMD(MeCN)/M06-2X/Def2-TZVPD//ISMD(MeCN)/M06-2X/Def2-SVP level (in hartree) calculated as G% = E% + (G% — E9).
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Figure S9. DFT-predicted 3C NMR shifts and Jcp coupling constants.
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