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Supporting Text
Degradation of a-ketoglutaric acid

In the sample injections of derivatized a-ketoglutaric acid (Figure S13—-S14), three different
peaks are observed in the chromatograms which have the same mass spectra. Previous work
derivatizing a-ketoglutaric acid have noted this process (and similar derivatization techniques)
results in different isomeric forms of o-ketoglutaric acid (1, 2). In the case of MTBSTFA
derivatization of o-ketoglutaric acid, three peaks are detected associated with bis-, tris-, and
tetrakis-fBDMS derivatives (3). The reference standard injections here show the same mass spectra
for the three different eluting peaks in the chromatograms. In the reference standard injections the
highest peak intensity follows for a-ketoglutaric acid-1, a-ketoglutaric acid-2, and a-ketoglutaric
acid-3 (Figure S14), this was not the case for the sample injections (Figure 3b). The mismatch in
peak intensity profiles for the three peaks associated with a-ketoglutaric acid may suggest

additional ketoacids are present in the sample matrix.

Retrosynthesis

Three comprehensive retrosynthetic pathways are illustrated in Figures S16—S52, and a list of
the deconstructed molecules can be found in Table S31. In condensed-phase chemical reactions on
icy mantles, thermochemical reactions are limited; however, ionizing irradiation can provide the
energy necessary to facilitate bond ruptures. These bond breakings primarily result in suprathermal
hydrogen molecules that overcome the entrance barriers for addition reactions to double and triple

bonds (4-6).

The process begins by breaking single bonds in the product molecules (molecules 1-9) to form
two radical intermediates. These intermediates can undergo hydrogen addition or hydrogen
elimination or any combination of the two. Typically, the addition or elimination of hydrogen
atoms leads to stable closed-shell molecules. In some cases, these reactions can also produce
diradicals. For the purposes of this retrosynthesis, diradicals were not considered due to their
instability. As an example, acetic acid (Figure S32A—S32B) can undergo two different bond-
breaking processes: one producing the methyl radical and hydroxycarbonyl radical (Figure 32A)
and the other producing the hydroxyl radical and acetyl radical (Figure 32B). Subsequently,
hydrogens are added or eliminated. The methyl radical has two possibilities: hydrogen addition to

methane (CH4) or hydrogen elimination to produce methylene (CH2); both components are known



to occur during irradiation of hydrocarbons (7, 8). Similarly, the acetyl radical once reacted with
a hydrogen atom can produce acetaldehyde (CH3;CHO) or hydrogen elimination to form ethenone
(H2CCO). This process can be repeated for larger molecules until we reach known components of

interstellar ices.



Table S1. Experimental conditions used in interstellar analog ice simulations. Included is the
molecular ratio, ice thickness and irradiation dose. Errors in ratios are on the order of + 0.3.

Experiment Ice Composition Ratio Thickness (nm)
1 CH4:CO,2:CO:H20 1.1:1.2:1:3 1200 + 80
2 CH4:CO2 2.2:1 1200 + 80
3 CH4:CO» 1.7:1 1200 + 80
4 CH4:CO2:CO 1:1.1:2.1 1380 + 100
5 CH4:CO2:CH;0H 1.4:1.4:1 1070 + 70
6 CH4:CO2:H20 1.1:1:1.4 1220 + 60
7 CH3CH20H:CO, 1:1.8 1290 + 70
8 CH3CH2OH:CO,:CHg4 1:2.1:1.7 1290 + 70
9 CH3CH>0OH:CO2:CH4 1:2.8:1.8 1300 + 80

10 C2He:CO2 2:1 1320 + 80
11 C2Hg:CO2:CO 1.2:1.1:1 1600 + 100

12 CO,:CH;CHO 2:1 1550 + 100




Table S2. Band Strengths used to identify molecular ratio of ice components.

Molecule Vibrational Band Band Strength Refractive References
Mode Position (molecule Index (n)
(cm™) cm2)
H>O 1.29 9)
V2 1660 1.2 x 107" (10)
VI/V3 3280 2.0x 1071 (10)
BCO, 1.21 (11)
V3 2283 6.8 x 107" (10)
2va+ V3 3596 1.25x 10718 (12)
BCo 1.28 (13)
Vi 2092 1.32 x 107" (10)
BCH4 1.28 (14)
V3 3010 1.40 x 107" (14)
BCH;0H' 1.296 (15)
V8 1026 1.8 x 107" (16)
3CH;"3*CH,OH 1.26 (17)
V4 1090 7.35x 1078 (17)
1050 1.41 x 107" (17)
886, 879 3.24x 1078 (17)
BCHe" 1.27 (18)
Vi1 1462 3.76 x 1078 (19)
vi2 817 1.99 x 10718 (19)
BCH;3CHOf 1.303 (20)
vi2 1428 1.09 x 107" (21)
2vg 1721 2.98 x 107" (21)

"Band strengths are of non-isotopically labelled species.
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Figure S1. FTIR spectra of methane (3CHg)/carbon dioxide ('*CO:z)/carbon monoxide
(13CO)/water (H20) blank experiment after deposition and the resulting residue after warm-
up to 320 K. The spectra (a) after deposition and (b) at 320 K are deconvoluted from the original
spectra (gray) to reveal functional groups related to the reagents (green).



Table S3. Infrared absorption assignments for '*CH4/!*CO,/'*CO/H,0 ice (blank).
Peaks after deposition (10 K)

Position (cm™) Identity References
4288 v2+v3 PCHy ()
4198 vi+ vs 1*CHy (7
3662 dangling OH (22)
3624 vi+v3 B3CO, (23)
3611 Vit vs 13C180, (23)
3507 2vy+v3 3CO; (23)

3466, 3353, 3225, 3214 vi/vs H20 (23)
3000 vs BCHa4 (7)
2904 v BCHa4 (7)
2814 V2 + va BCH4 (7)
2348 v3 12C0, (23)
2322 v3 12C160130 (23)

2282, 2264 v3 3CO, (23)
2045 vi BCO (23)
1638, 1609 v2 Ho0 (22)
1297 va BCHa4 (7)
732 v H20 (22)
644 v, 13CO, (23)

Note. L indicates the lattice vibrational mode.
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Figure S2. FTIR spectra of methane (CHg)/carbon dioxide (CO,) ices before irradiation, after
irradiation by energetic electrons at 2000 nA for 1 hrs, and the resulting residue after warm-up to
320 K. The spectra (a) before irradiation, (b) after irradiation, and (c) the residue are deconvoluted from
the original spectra (gray) to reveal functional groups related to the reagents (green) and irradiation products

(cyan).



Table S4. Infrared absorption assignments for 1*CO,/'*CHaice (2000 nA, 1 hrs).
Peaks before irradiation (10 K)

Position (cm™) Identity References
4285 v2+v3 BCHy (7)
4195 vi+ vs 1*CHy (7

3639, 3624 vi+v3 B3CO, (23)
3578 Vit vs 13C180, (23)
3531, 3509 2v2+v3 BCO, (23)
3475 2vy+v3 BC10, (23)
2999 v BCH, 7)
2905 v 3CH4 (7)
2810 V2 + v4 1*CHy (7)
2347, 2340 v3 12C0, (23)
2285, 2265 v3 3CO, (23)
1296 v4 3CH4 (7)

644 v 13CO, (23)




Table S5. Infrared absorption assignments for 1*CO,/'*CHa4ice (2000 nA, 1 hrs)
Peaks after irradiation (10 K)

Position (cm™) Identity References

4284 v2+ v3 1*CHy (7
4194 vi+ vs 1*CHy (7
3643 dangling OH (24)
3622, 3525 v(OH) (24)
3507 2v2+v3 BCO; (23)
3384, 3209, 3106 v(OH) (24)
3000 vs 3CHa4 (7)
2986 v(OH) (24)
2967 vio C2He (25)
2953, 2940 v(*CH) (24)
2905 vi BCHa4 (7
2879, 2875 v(*CH) (24)
2809 V2 + v BCHy (7)
2732, 2565, 2434 v(OH) acid (24)
2345 vs 12CO; (23)
2334 v(OH) acid (24)
2276 vs BCO; (23)
2225, 2196, 2134 w(BC=10) (24)
2092 v BCO (24)
2067 v 12C1B0 (23)
2041 v BCo (23)
2004 v(BC=1C)? (24)
1810 v(*C=0) HOCO (24)
1682 v(*C=0) acid (24)

1663 v2 H0, v(13C=0) (24, 26)
1498 v(BPC=10) (24)
1462, 1439 3CH/"*CH3 asym. deformation (24)
1370, 1366, 1313 13CH»/"3CH3 sym. deformation (24)
1294 va BCHa4 (7)
1267 W(*C-0) acid, §(OH) (24)
1006 w(*C-0) (24)
644 v BCO, (23)

Note. o defines a bending mode.



Table S6. Infrared absorption assignments for 1*CO,/!*CHaice (2000 nA, 1 hrs).

Residue (320 K)

Position (cm™) Identity References
3382, 3223 W(OH) (24)
2941, 2876 w(*CH) (24)

1688 W(13C=0) acid (24)
1602 W(3C=0) (24)

919 v(1*C-0) (24)




Table S7. Infrared absorption assignments for 1*CO,/'*CHaice (5000 nA, 5 hrs).
Peaks before irradiation (10 K)

Position (cm™) Identity References
4286 v2+v3 BCHy (7)
4196 vi+ vs 1*CHy (7

3637, 3624 vi+v3 B3CO, (23)
3579 Vit vs 13C180, (23)
3530, 3509 2v2+v3 BCO, (23)
3476 2vy+v3 BC10, (23)
3000 v BCH, 7)
2905 v 3CH4 (7)
2812 V2 + v4 1*CHy (7)
2347 v3 2CO2 (23)
2322 v3 12C160130 (23)
2281, 2263 v3 3CO, (23)
1296 v4 3CH4 (7)

644 v, 13CO, (23)




Table S8. Infrared absorption assignments for 1*CO,/'*CHaice (5000 nA, 5 hrs)
Peaks after irradiation (10 K)

Position (cm™) Identity References

3636, 3623 vi+v3 CO, (23)
3534 w(OH) (24)
3508 212+ v3 BCO, (23)
3408, 3228, 3095 w(OH) (24)
3000 v; BCH,4 (7)
2967 v('*CH) (24)
2962 w(OH) (24)
2904 v BCHa4 (7)
2880, 2864, 2824 v(CH) (24)
2742 v(OH) (24)
2582 v(OH) acid (24)
2345 v; 12CO, (23)
2287,2272, 2271, 2259 v3 3CO, (23)
2242 v(OH) acid (24)
2093, 2089, 2083 vi 3CO (23)
2067 v 12C0 (23)
2041 v BC0 (23)
1809 v(3C=0) HOCO (24)
1682 v(*C=0) acid (24)

1673 v2 H,0, v(13C=0) (24, 26)
1589 v(*C=0) (24)
1500 w(PC="0C) (24)
1420, 1370 13CH/"*CH3 deformation (24)
1295 va BCH4 (7)
1266, 1252 v('3C-0) acid, 3(OH) (24)
1085, 1009 v(*C-0) (24)
887, 762 S(OH~0) (24)
643 v 3CO, (23)
635 5(0OCO) acid (24)

Note. o defines a bending mode.



Table S9. Infrared absorption assignments for 1*CO,/!*CHaice (5000 nA, 5 hrs).

Residue (320 K)

Position (cm™) Identity References
3614, 3519, 3451 W(OH) (24)
2955, 2891 w(*CH) (24)
1688 W(13C=0) acid (24)
1636 W(3C=0) (24)
1557 W(13C=13C) (24)
1396 BCH,/CH; deformation  (24)
1260, 1229 W(*C-0) acid, 5(OH) (24)
1089 W(3C-0) (24)
894, 765 S(OH~0) (24)
621 5(0CO) acid (24)

Note. 3 defines a bending mode.
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Figure S3. FTIR spectra of methane (CH4)/carbon dioxide (CO:z)/carbon monoxide (CO) ices before irradiation, after
irradiation by energetic electrons at 5000 nA for 5 hrs, and the resulting residue after warm-up to 320 K. The spectra (a)
before irradiation, (b) after irradiation, and (c) the residue are deconvoluted from the original spectra (gray) to reveal functional
groups related to the reagents (green) and irradiation products (cyan).
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Table S10. Infrared absorption assignments for '*CHa/'3CO2/"*CO ice (5000 nA, 5 hrs).
Peaks before irradiation (10 K)

Position (cm™) Identity References
4288 v2+v3 PCHy ()
4199 vi+ vs 1*CHy (7
4164 vi+ vs BCHy (7)
3625 vi+v3 B3CO, (23)
3578 Vit vs 13C180, (23)
3511 2vy+v3 3CO; (23)
3001 vs BCH4 7)
2905 v BCHa4 (7)
2812 V2 + va BCH4 (7)
2346 v3 12C0, (23)

2290, 2271 v3 3CO, (23)
2094 vi BCO (23)
2041 v 3C130 (23)
1297 va BCHa4 (7)

645 v 13CO, (23)




Table S11. Infrared absorption assignments for *CH4/">*CO»/'*CO ice (5000 nA, 5 hrs).
Peaks after irradiation (10 K)

Position (cm™) Identity References
4160 vi+ va BCHy (7
3635 dangling v(OH) (24)
3624 vi+ v3 BCO; (23)
3532 W(OH) (24)
3510 2vy 4+ v3 3CO; (23)

3413, 3254, 3025 W(OH) (24)
3000 v BCH,y 7)
2965 w(3CH) (24)
2604 WOH) acid (24)
2345 v3 2CO» (23)
2279 v3 3CO, (23)
2148 w(Be=130) (24)
2140 w(Be=130) (24)
2097 vi BCO (23)
2067 w(Be=130) (24)
2041 v 3C130 (23)
1811 W(3C=0) HOCO (24)
1684 W(3C=0) acid (24)
1656 v H20, w(3C=0) (24, 26)
1499 WBC=10) (24)
1405 13CH/"*CH3 deformation (24)
1296 va BCH4 (7)

1268, 1255 W(3C-0) acid, 5(OH) (24)
1054, 1001 W(3C-0) (24)
898, 777 S(OH0) (24)
643 v 3CO; (23)
639 5(0CO) acid (24)

Note. o defines a bending mode.



Table S12. Infrared absorption assignments for '*CO»/'*CHaice (5000 nA, 5 hrs).

Residue (320 K)
Position (cm™) Identity References
3520, 3434 w(OH) 24)
2955 w(3CH) (24)
1692 W(13C=0) acid (24)
1579 W(13C=13C) (24)
1390 BCH,/CH; deformation  (24)
1223 W(*C-0) acid, 5(OH) (24)
1068 W(13C-0) (24)
786 S(OH~0) (24)
628 5(0CO) acid (24)

Note. 3 defines a bending mode.
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Figure S4. FTIR spectra of methane (CHai)/carbon dioxide (CO:)/methanol (CH3OH) ices before irradiation, after
irradiation by energetic electrons at 5000 nA for 5 hrs, and the resulting residue after warm-up to 320 K. The spectra (a)
before irradiation, (b) after irradiation, and (c) the residue are deconvoluted from the original spectra (gray) to reveal functional
groups related to the reagents (green) and irradiation products (cyan).



Table S13. Infrared absorption assignments for '*CHa/!3CO2/"*CH3O0H ice (5000 nA, 5 hrs).
Peaks before irradiation (10 K)

Position (cm™) Identity References
4284 va+ v3 BCHy (7)
4195 v3+ vs BCHy (7)
3625 vi+v3 3CO, (23)
3507 212+ v3 BCOs (23)

3440, 3414, 3299, 3073 vi PCH;0H (27, 28)
3001, 2995 v3 BCHy4 (7)
2986 Combination *CH;OH (27, 28)
2951 v, BCH3;0H (27, 28)
2934 Combination *CH;0OH (27, 28)
2922 vo PCH;0H (27, 28)
2903 vi BCHa4 (7
2836 v3 PCH;0H (27, 28)
2816 V2 + v BCHy (7
2805 2v, BCH;0H (27, 28)
2345 v3 12CO;, (23)
2287, 2266 v3 3CO;, (23)
1475 vs BCH3;0H (27, 28)
1460 vio *CH;0H (27, 28)
1425 ve BCH30H (27, 28)
1336 ? (27, 28)
1297 va BCHa4 (7)
1111 vi1 *CH;O0H (27, 28)
1073 v7 BCH3;0H (27, 28)
1010 vg PCH;O0H (27, 28)

645 v 13CO, (23)




Table S14. Infrared absorption assignments for *CHa/!3CO2/"*CH3O0H ice (5000 nA, 5 hrs).
Peaks after irradiation (10 K)

Position (cm™) Identity References
4286 v2+v3 PCHa (7
4195 vi+ vs *CHa (7
3634 dangling v(OH) (24)
3622 vi+v; PCO» (23)

3580, 3513 v(OH) (24)
3506 2v2+v3 BCO; (23)
3404, 3271, 3104, 3006 v(OH) (24)
2999 vs BCHa4 (7)
2967 v('*CH) (24)
2925 ve BCH30H (27, 28)
2903, 2876 v('*CH) (24)
2834, 2570, 2344 v(OH) acid (24)
2344 vs 12CO; (23)
2276 vs BCO;, (23)
2092 v BCO (23)
2067 v(BC=13C) (24)
2042 vy BCBO (23)
1808 w(*C=0) HOCO (24)
1682 w(1*C=0) acid (24)
1667 v2 H,0, v(13C=0) (24, 26)
1582, 1500 v(BPC=10) (24)
1462 vio PCH30H (23)
1462, 1384 13CH,/"*CHj3 deformation (24)
1295 vs 13CH4 (7)
1269, 1186 v(1*C-0) acid, §(OH) (24)
1113 vi1 BCH30H (27, 28)
1073 v7 BCH3;0H (27, 28)
1008 vs *CH3;0H (27, 28)
871, 733 0(OH0) (24)
643 v 13CO, (23)

Note. o defines a bending mode.



Table S15. Infrared absorption assignments for '*CHa/!3CO2/"*CH3OH ice (5000 nA, 5 hrs).

Residue (320 K)

Position (cm™) Identity References
3474, 3362 w(OH) 24)
2945, 2869 w(*CH) (24)

1683 W(13C=0) acid (24)
1530 W(13C=13C) (24)
1381 BCH,/CH; deformation  (24)
935 W(13C-0) (24)
566 5(0CO) acid (24)

Note. o defines a bending mode.
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Figure SS. FTIR spectra of methane (CH4)/carbon dioxide (COz)/water (H20) ices before irradiation, after irradiation by
energetic electrons at 5000 nA for 5 hrs, and the resulting residue after warm-up to 320 K. The spectra (a) before irradiation,
(b) after irradiation, and (c) the residue are deconvoluted from the original spectra (gray) to reveal functional groups related to the
reagents (green) and irradiation products (cyan).




Table S16. Infrared absorption assignments for '*CHa/'3*CO2/H,0 ice (5000 nA, 5 hrs).
Peaks after deposition (10 K)

Position (cm™) Identity References

4287 v2+v3 BCHy (7)

4197 vi+ vs 1*CHy (7

3665 dangling OH (26)

3623 vi+v3 13CO, (23)

3609 Vit v BCI80, (23)

3507 2v2 13 3CO, (23)
3479, 3388, 3328, 3284, 3224  vi/v3 H,O (26)
2999 vs BCHa4 (7)

2904 v BCHa4 (7)

2812 V2 + va 3CH4 (7)

2348 vs 2CO, (23)

2318 v3 2C160180 (23)
2294, 2273, 2261 vs B3O, (23)
1635 v2 H20 (26)

1296 va BCHa4 (7)

719 v H20 (26)

648 v BCO, (23)

Note. L indicates the lattice vibrational mode.



Table S17. Infrared absorption assignments for *CHa/!3CO2/H,0 ice (5000 nA, 5 hrs).

Peaks after irradiation (10 K)

Position (cm™) Identity References

3653, 3632 dangling v(OH) (24)
3623 vi+v3 BCO, (23)
3524 v(OH) (24)
3507 2v2+v3 BCO; (23)

3410, 3248, 3222, 3114 v(OH), vi/vs H20 (24, 26)
2999 v BCH4 (7)
2990 v(OH) (24)
2965 v('*CH) (24)
2904 v('*CH) (24)
2714, 2569, 2358 v(OH) acid (24)
2346 vs 12CO; (23)
2294, 2278, 2270 v3 3CO, (23)
2234 v BC60180 (23)
2217,2184 v(BC=13C) (24)
2093 v(OH) acid (24)
2092 v BCO (23)
2070 v(BC=13C) (24)
2042 v BCBO (23)
1810 v(*C=0) HOCO (24)
1686 w(1*C=0) acid (24)

1660 v2 H,0, v(13C=0) (24, 26)
1562, 1501 v(B3C=10) (24)
1454, 1361 13CH,/"*CHj3 deformation (24)
1294 vs 1PCH4 (7)
1269 v(13C-0) acid, §(OH) (24)

1075 v7 BCH3;0H (27, 28)

1012 vs BCH3;0H (27, 28)
775 v H20 (26)
645 v 13CO, (23)

Note. o defines a bending mode.



Table S18. Infrared absorption assignments for *CHa/!3CO2/H,0 ice (5000 nA, 5 hrs).

Residue (320 K)
Position (cm™) Identity References
3465, 3236 w(OH) 24)
2927 w(3CH) (24)

1692 v(1*C=0) acid (24)
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Figure S6. FTIR spectra of ethanol (CH3CH:0H)/carbon dioxide (COz) ices before irradiation, after irradiation by
energetic electrons at 5000 nA for 5 hrs, and the resulting residue after warm-up to 320 K. The spectra (a) before irradiation,
(b) after irradiation, and (c) the residue are deconvoluted from the original spectra (gray) to reveal functional groups related to the
reagents (green) and irradiation products (cyan).



Table S19. Infrared absorption assignments for '*CH3'>*CH,OH/*CO; ice (5000 nA, 5 hrs).
Peaks after deposition (10 K)

Position (cm™) Identity References
3623 vi+v3 3CO;, (23)
3620 vi BCH;"®CH,OH  (17,29)
3506 2v2+v3 BCO; (23)

3413, 3338, 3311, 3265 vi BCH;"®CH,OH  (17,29)
2970 v2 BCH3"®CH,OH (17, 29)
2934 va/vis BCH3BCH,OH (17, 29)
2888 vs BCH;"®CH,OH (17, 29)
2346 vs 12CO; (23)
2271 v BCO; (23)
1479 vs BCH3"*CH,OH (17, 29)
1452 ve PCH3"*CH,OH (17, 29)
1419 vie PCH3!*CH,OH (17, 29)
1402 v7 BCH3"*CH,OH (17, 29)
1383 Combination? (17,29)
1367 vs BCH3"*CH,OH (17, 29)
1323 Combination? (17,29)
1257 vi7 BCH3*CH,OH (17, 29)
1251 vo BCH;3'*CH,OH (17, 29)
1069 vio *CH3"*CH,OH (17,29)
1049 vis *CH3"*CH,OH (17,29)

1026, 1010 vii BCH3®CH,OH (17, 29)
869 vi2 *CH;"*CH,OH (17,29)
803 vie *CH3"*CH,OH (17,29)

650, 641 v, 13CO, (23)




Table S20. Infrared absorption assignments for '*CH3'>*CH,OH/*CO; ice (5000 nA, 5 hrs).
Peaks after deposition (10 K)

Position (cm™) Identity References
3629 v(OH) (24)
3620 vi+v3 BCO, (23)
3506 2v2+v3 BCO, (23)

3499, 3392, 3259, 3095 vi BCH3"*CH,OH, v(OH) (17, 29)
2996 v('*CH) (24)
2970 v2 BCH;3"*CH,OH (17, 29)
2935 v(OH) (24)
2934 vs/vis 3CH3"*CH,OH (17, 29)
2880 v('3CH) (17, 29)

2710, 2578 v(OH) acid (24)
2340 v3 2CO» (23)
2277 v3 3CO» (23)
2140 vi 2CO (23)
2093 v 3CO (23)
2068, 2043 v(3C=13C) (24)
1682 v(13C=0) (24)
1668 w(13C=0), v(H>0) (24, 26)
1456 13CH/"*CHj3 deformation (24)
1417 vi6 *CH3"*CH,OH (17,29)
1402 v7 3CH3'"3CH,OH (17, 29)
1367 vs BCH;3'*CH,OH (17, 29)
1340, 1321 13CH/"*CHj3 deformation (24)
1297, 1269 vi7 *CH;"*CH,OH (17, 29)
1067 vio *CH3"*CH,OH (17,29)
1026, 1012 vi1 BCH3"3CH,OH, v('3C-0) (17, 24,

643 v, 3CO, (23)




Table S21. Infrared absorption assignments for '*CH3'>*CH,OH/*CO; ice (5000 nA, 5 hrs).

Residue (320 K)

Position (cm™) Identity References
3465 w(OH) 24)
2930 w(3CH) (24)
1688 W(13C=0) acid (24)
1543 W(13C=13C) (24)
1386 BCH,/CH; deformation  (24)
1283 W(*C-0) acid, 5(OH) (24)
1077 W(13C-0) (24)
842 S(OH~0) (24)

537 5(0CO) acid (24)
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Figure S7. FTIR spectra of ethanol (CH3CH20H)/carbon dioxide (CO:)/methane (CH4) ices before irradiation, after
irradiation by energetic electrons at 5000 nA for 5 hrs, and the resulting residue after warm-up to 320 K. The spectra (a)
before irradiation, (b) after irradiation, and (c) the residue are deconvoluted from the original spectra (gray) to reveal functional
groups related to the reagents (green) and irradiation products (cyan).
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Table S22. Infrared absorption assignments for *CH3'3CH,OH/!*CO2/!*CHa ice (5000 nA, 5 hrs).
Peaks after deposition (10 K)

Position (cm™) Identity References
4288 v+ 13 13CH4 (7)
4195 v3+ vs PCHy (7
3624 vi+ 13 3CO, (23)

3622, 3577, 3533 vi *CH;*CH,OH (17, 29)
3507 2v2+v3 2CO, (23)

3506, 3419, 3345, 3291 vi PCH3"*CH,OH (17, 29)
2999 v3 BCH4 (7)
2971 v2 *CH;*CH,OH (17, 29)
2935 vi/vis BCH3BCH,OH (17, 29)
2902 vi BCH4 (7)
2888 vs BCH;3CH,OH (17, 29)
2871 Combination (17, 29)
2823 Combination (17, 29)
2812 v+ vg BCHy (7
2785 ?

2369 vi+v BCO;, (23)
2347 v3 12CO, (23)
2327,2317 v; BCB0O0 (23)
2291, 2271, 2260 v3 3CO, (23)
1480 vs 3CH;3CH,OH (17, 29)
1450 ve *CH;3'*CH,OH (17, 29)
1406 v7 3CH;3CH,OH (17, 29)
1383 Combination? (17, 29)
1365 vs 1*CH;3'*CH,OH (17, 29)
1339 Combination? (17, 29)
1296 vs4 BCHy4 (7)
1272 vi7 BCH;'*CH,OH (17, 29)
1251 vo 1*CH;3'*CH,OH (17, 29)
1067 vio *CH;'*CH,OH (17, 29)
1048 vis *CH;"*CH,OH (17, 29)
1025, 1009 vi1 *CH;*CH,OH (17, 29)
868 vi2 *CH;3"*CH,OH (17, 29)
804 vie BCH;'*CH,OH (17, 29)
643 v, 3CO, (23)

Note. L indicates a lattice mode.



Table S23. Infrared absorption assignments for *CH3'3CH,OH/!*CO2/!*CHa ice (5000 nA, 5 hrs).
Peaks after irradiation (10 K)

Position (cm™) Identity References
4159 vi+ vs 1°CHy (7
3635 v(OH) (24)
3623 vi+v3 3CO, (23)
3540 vi BCH3"3CH,OH, v(OH) (17, 29)
3507 2v2+v3 BCO, (23)

3416, 3245, 3098 vi BCH;3"*CH,0H, w(OH) (17, 24, 29)

2999 v3 3CHy4 (7)

2971 v2 BCH3'3CH,OH (17, 29)
2966 v(OH) (24)

2933 va/vis BCH3CH,OH (17, 29)
2903 v BCHa4 (7)

2888 vs BCH3"*CH,OH (17, 29)
2877 v(*CH) (24)
2718, 2585 v(OH) acid (24)
2345 v; 2CO, (23)
2291, 2276, 2270, 2262, 2259 v3 3CO; (23)
2188 v(OH) acid (24)
2140 vi 2CO (23)
2093, 2089 vi 3CO (23)
2069, 2043 v(3C=13C) (24)
1810 v('3C=0) HOCO (24)
1683 v(13C=0) (24)

1672 v2 H,0, v(13C=0) (24, 26)
1599 v(13C=0) (24)
1498 v(BC=1C) (24)

1453 ve 3CH3'*CH,OH (17, 29)

1400, 1366, 1341 3CH,/"*CH; deformation (17, 29)

1296, 1279 vi7 PCH3*CH,OH (17, 29)
1268 v(13C-0) (24)

1048 vis *CH;"*CH,OH (17,29)

1025, 1006 vi1 3CH3"*CH,OH (17, 29)
769 S(OH~0) (24)
643 v 3CO, (23)

Note. L indicates a lattice mode.



Table S24. Infrared absorption assignments for *CH3'3CH,OH/!*CO2/!*CHa ice (5000 nA, 5 hrs).

Residue (320 K)
Position (cm™) Identity References
3622, 3518, 3446, 3418, 3365 /(OH) (24)
2963, 2917 w(*CH) (24)
1697 W(13C=0) acid (24)
1585 W(13C=13C) (24)
1411 BCH,/CH; deformation  (24)
1244 W(*C-0) acid, 5(OH) (24)
1099, 1025, 963 W(13C-0) (24)
796 S(OH~0) (24)

657 5(0CO) acid (24)
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Figure S8. FTIR spectra of ethanol (CH3CH20H)/carbon dioxide (CO:)/methane (CH4) ices before irradiation, after
irradiation by energetic electrons at 5000 nA for 5 hrs, and the resulting residue after warm-up to 320 K. The spectra (a)
before irradiation, (b) after irradiation, and (c) the residue are deconvoluted from the original spectra (gray) to reveal functional
groups related to the reagents (green) and irradiation products (cyan).




Table S25. Infrared absorption assignments for *CH3'3CH,OH/!*CO2/!*CHa ice (5000 nA, 5 hrs).
Peaks after deposition (10 K)

Position (cm™) Identity References
4285 v+ 13 13CH4 (7)
4196 v3+ vs PCHy (7
3624 vi+ 13 3CO, (23)

3622, 3578, 3531 vi *CH;*CH,OH (17, 29)
3507 2v2+v3 2CO, (23)

3505, 3425, 3403, 3337, 3285 v BCH;"*CH,OH (17, 29)
2999 v3 BCH4 (7)
2971 v2 *CH;*CH,OH (17, 29)
2935 vi/vis BCH3BCH,OH (17, 29)
2902 vi BCH4 (7)
2888 vs BCH;3CH,OH (17, 29)
2871 Combination (17, 29)
2823 Combination (17, 29)
2812 v+ vg BCHy (7
2786 ?

2347 v3 12CO, (23)
2339 vi+v BCO;, (23)
2320 v; BCB0O0 (23)
2282, 2263 v3 3CO, (23)
1480 vs 3CH;3CH,OH (17, 29)
1450 ve *CH;3'*CH,OH (17, 29)
1420 ?
1402 v7 3CH;3CH,0H (17, 29)
1383 Combination? (17, 29)
1366 vs 3CH;3CH,OH (17, 29)
1296 vs4 BCHy4 (7)
1251 vo 1*CH;3'*CH,OH (17, 29)
1067 vio *CH;'*CH,OH (17, 29)
1049 vis *CH;*CH,OH (17, 29)
1025, 1009 vi1 *CH;'*CH,OH (17, 29)
868 vi2 *CH;3"*CH,OH (17, 29)
802 vio *CH3"*CH,OH (17, 29)
643 v2 13CO, (23)

Note. L indicates a lattice mode.



Table S26. Infrared absorption assignments for *CH3'3CH,OH/!*CO2/!*CHa ice (5000 nA, 5 hrs).
Peaks after irradiation (10 K)

Position (cm™) Identity References
3635 v(OH) (24)
3623 vi+v3 3CO, (23)
3537 vi BCH3'3CH,OH, w(OH) (17, 24, 29)
3507 2v2+v3 3CO, (23)

3409, 3239, 3098 vi ¥CH;3"*CH,OH, w(OH) (17, 24, 29)
2999 v3 3CHy4 (7)
2986 v(OH) (24)
2971 v2 BCH3'3CH,OH (17, 29)
2966 v(OH) (24)
2876 v('3CH) (24)

2708, 2578 v(OH) acid (24)
2345 v3 2CO, (23)
2276 v; 3CO, (23)
2140 vi 2CO (23)

2093, 2089 vi 3CO (23)

2077, 2040 v(3C=13C) (24)
1810 v('3C=0) HO"*CO (24)
1682 v(13C=0) (24)
1659 v2 H0, v(1*C=0) (24, 26)

1428, 1370, 1324 13CH/"*CH3 deformation (24)
1296 vi7 BCH3'*CH,OH (17, 29)
1267 v(13C-0) acid (24)

1066, 1011 v(13C-0) (24)
769, 674 S(OH~0) (24)
644 v 3CO, (23)

Note. L indicates a lattice mode.



Table S27. Infrared absorption assignments for *CH3'3CH,OH/!*CO2/!*CHa ice (5000 nA, 5 hrs).

Residue (320 K)

Position (cm™) Identity References
3411 3236, 3052 /(OH) (24)
2969, 2942, 2912 w(*CH) (24)

1693 W(13C=0) acid (24)
1582 W(13C=13C) (24)
1419, 1368 13CHy/"*CH3 deformation (24)
1263 W(*C-0) acid, 5(OH) (24)
826, 796 S(OH0) (24)

676, 542 5(0CO) acid (24)
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Figure S9. FTIR spectra of ethane (C:Hg)/carbon dioxide (CO2) ices before irradiation, after irradiation by energetic
electrons at 5000 nA for 5 hrs, and the resulting residue after warm-up to 320 K. The spectra (a) before irradiation, (b) after
irradiation, and (c) the residue are deconvoluted from the original spectra (gray) to reveal functional groups related to the reagents
(green) and irradiation products (cyan).



Table S28. Infrared absorption assignments for *C2He/'>CO; ice (5000 nA, 5 hrs).

Peaks after deposition (10 K)

Position (cm™) Identity References
4393, 4309, 4141, 4050 Overtones/Combination *C2Hs (25, 30)
3638, 3621, 3576 vi+ 3 3CO; (23)
3506 2v2 413 3CO; (23)
2969, 2964 vio PCoHs (25, 30)
2943, 2915 vs +vi1 CaHe (25, 30)
2879 vs 3CoHs (25, 30)
2833 va +va + vi2 BCoHe (25, 30)
2723 v2 + ve PCoHe (25, 30)
2634 vs + vi2 PCaHe (25, 30)
2371 vi+v BCO;, (23)
2344 v *CO» (23)
2322 v BC30'%0 (23)
2288, 2266 v; BCO;, (23)
1462 vi1 BCaHe (25, 30)
1381, 1363 ve BCoHs (25, 30)
1113 ?
821 vi2 BCyHe (25, 30)
643 v, BCO;, (25, 30)

Note. L indicates a lattice mode.



Table S29. Infrared absorption assignments for *C2He/'>CO; ice (5000 nA, 5 hrs).
Peaks after deposition (10 K)

Position (cm™) Identity References
4148 Combination *C,Hs (7
3637 v(OH) dangling (24)
3621 vi+v; PCO, (23)
3529 W(OH) (24)
3506 2v24v3 BCO; (23)

3399, 3242, 3078 v(OH) (24)
3013 W(3CH) (24)
2999 vs BCH4 (7)
2970 W(*CH) (24)

2964, 2960 vio CyHs (25, 30)
2936 w(3CH) %
2914 vs + vi1 BC,He (25, 30)
2878 vs BCyHs (25, 30)

2869, 2837 V(*CH) (24)
2759 w(OH) (24)
2721 V2 + ve BCoHs (25, 30)
2602 W(OH) acid (24)
2391 ?

2384 W(OH) acid (24)
2342 Vs 2C0O, (23)
2339 vs+ BCO, (23)
2320 v; BC1EQ160 (23)
2294, 2280, 2272, 2262, 2258 v3 BCO, (23)
2171 VW(OH) acid (24)
2138 i 12CO (23)
2090 v BCO (23)
2068 v BCBO (23)

2067, 2039 W(3C=15C) (24)
2011 WOH) acid (24)
1807 W(3C=0) HOCO (24)
1678 W(3C=0) (24)
1651 v H,0, w(3C=0) (24, 26)
1498 3CH,/"*CH3 deformation (24)
1461 Vi1 13C2H6 (25, 30)

1441, 1371 3CH,/"*CH3 deformation (24)
1364 vs 3CaHg (25, 30)
1296 vs BCH, 7)
1282 W(3C-0) acid, 5(OH) (24)
1009 W(3C-0) (24)
821 vi2 PCaHs (25, 30)
643 v2 BCO, (23)
629 5(0CO) acid (24)

Note. L indicates a lattice mode.



Table S30. Infrared absorption assignments for *C2He/'>CO; ice (5000 nA, 5 hrs).

Residue (320 K)
Position (cm™) Identity References
3473, 3337, 3112 /(OH) (24)
2955, 2924, 2917, 2862 w(*CH) (24)
1680, 1673 W(13C=0) acid (24)
1565 W(13C=13C) (24)
1449, 1368 13CHy/"*CH3 deformation (24)
1150 W(*C-0) acid, 5(OH) (24)
895, 845 S(OH0) (24)

642 5(0CO) acid (24)
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Figure S10. FTIR spectra of ethane (C:He)/carbon dioxide (CO:z)/carbon monoxide (CO) ices before irradiation, after
irradiation by energetic electrons at 5000 nA for 5 hrs, and the resulting residue after warm-up to 320 K. The spectra (a)
before irradiation, (b) after irradiation, and (c) the residue are deconvoluted from the original spectra (gray) to reveal functional
groups related to the reagents (green) and irradiation products (cyan).



Table S31. Infrared absorption assignments for 3 CoHg/'*CO,/'3CO ice (5000 nA, 5 hrs).
Peaks after deposition (10 K)

Position (cm™) Identity References
4395, 4312, 4149, 4106, 4054  Overtones/Combination *C2Hg (25, 30)
3639, 3623, 3577, 3528 vi+v3 BCO, (23)
3508 2v2+v3 3CO, (23)
3475 2v2+v3 BCB0O0 (23)
2969 vio *CoHs (25, 30)
2944, 2918 vs +vi1 PCoHg (25,30)
2881 vs BCyHs (25, 30)
2837 V2 +va+ viz BCoHs (25, 30)
2726 v2 + v PCoHs (25, 30)
2637 vs + vi2 BCoHe (25, 30)
2348 v3+v BCO;, (23)
2346 v; 2CO;, (23)
2315 v; BC¥0%0 (23)
2284, 2265 v3 BCO, (23)
2093 v BCO (23)
2042 v BCBO (23)
1463 vi1 BCyHs (25, 30)
1381, 1364 vs 3CoHs (25, 30)
821 vi2 BCyHe (25, 30)
643 v CO, (25,30)

Note. L indicates a lattice mode.



Table S32. Infrared absorption assignments for *C2He/">CO/'3CO ice (5000 nA, 5 hrs).
Peaks after deposition (10 K)

Position (cm™) Identity References
4155 Combination *C,Hs (7
3639 v(OH) dangling (24)
3622 vi+v; PCO, (23)
3542 W(OH) (24)
3507 2v24v3 BCO; (23)
3425, 3269, 3071 VW(OH) (24)
3001 v; BCH, 7
2972 W(BCH) (24)
2965 vio PC2He (25, 30)
2953, 2941 w(3CH) )
2933 w(OH) (24)
2912 vs + vi1 BC,He (25, 30)
2880 vs BCyHs (25, 30)
2864, 2842 V(*CH) (24)
2792, 2743, 2609, 2395 W(OH) acid (24)
2344 vs 12CO, (23)
2335 Vst BCO, (23)
2283,2271, 2267, 2259, 2255 v3 BCO, (23)
2166 W(OH) acid (24)
2139 Vi 12CO (23)
2095, 2089 vi BCO (23)
2077 v 3CIBO (23)
2067, 2040 W(3C=13C) (24)
1811 W(3C=0) HO"CO (24)
1693, 1680 W(3C=0) (24)
1648, 1642 v Hy0, w(13C=0) (24, 26)
1497 BCH»/"*CHj3 deformation (24)
1463 vii BCoHe (25, 30)
1440, 1375 3CH,/"*CHj; deformation (24)
1365 vs 13CoHs (25, 30)
1297 Va4 13CH4 (7)
1282 W(3C-0) acid, 3(OH) (24)
1117 v(BC-0) (24)
1009 v(BC-0) (24)
821 V12 l3CzH6 (25, 30)
643 v, 3CO, (23)

Note. L indicates a lattice mode.



Table S33. Infrared absorption assignments for *C2He/">CO2/'3CO ice (5000 nA, 5 hrs).

Residue (320 K)

Position (cm™) Identity References
3473, 3363, 3030 v(OH) (24)
2964, 2936, 2865 w(*CH) (24)

1686 W(13C=0) acid (24)
1586 W(13C=13C) (24)
1450, 1367 13CHy/"*CH3 deformation (24)
1176, 1112 W(*C-0) acid, 5(OH) (24)
956, 842 W(3C-0), 5(OH0) (24)

642 5(0CO) acid (24)
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Table S34. Infrared absorption assignments for *CH3'*CHO/!*COx ice (5000 nA, 5 hrs).
Peaks after deposition (10 K)

Position (cm™) Identity References
3638, 3623 vi+ 13 3CO; (23)
3578, 3521 vi+ 13 3C1P00 (23)

3506 2va+v3 BCO, (23)
3345 2v; BCH3!3CHO (21)
3020 Overtone *CH3'*CHO (21)
2999 vi BCH3*CHO (21)
2960 vi1 BCH3!*CHO (21)
2917 v, BPCH3"*CHO (21)
2854 2vs BCH3!*CHO (21)
2813 Overtone *CH3'*CHO (21)
2771 vi BCH;"3CHO (21)
2752 vs BCH;"3CHO (21)
2348 vi+v BCO, (23)
2327 v; 2CO;, (23)
2281, 2263 v; BCO;, (23)
1738 2vo BCH;3'3CHO (21)
1682 v4 BCH3CHO (21)
1611 vi BCH;"3CHO (21)
1426 vi2 BCH;"*CHO (21)
1400 vo + vio PCH3"*CHO (21)
1380 ve BCH3'CHO (21)
1341 v7 BCH;"3CHO (21)
1100 vs BCH3"3CHO (21)
872 vo BCH;3"3CHO (21)
770 vi4 BCH3"*CHO (21)
643 v BCO, (23)

Note. L indicates a lattice mode.



Table S35. Infrared absorption assignments for *CH3'*CHO/!*COz ice (5000 nA, 5 hrs).

Peaks after irradiation (10 K)

Position (cm™) Identity References
4161 Combination (24)
3645 v(OH) (24)
3624 vi+v3 BCO2 (23)

3608, 3526 v(OH) (24)
3508 2v2+v3 BCO; (23)
3407, 3239 2v, BCH3"*CHO (21)
3160 v(*CH) (24)
3094 v(OH) (24)
2998 vi BCH3"*CHO (21)
2990 v(OH) (24)
2853 v(OH) acid (24)
2750 vz BCH3"*CHO (21)
2722,2572 v(OH) acid (24)
2347 vs 12CO; (23)
2295, 2276, 2271 v3 BCO, (23)
2156 v(OH) acid (24)
2142 v 12CO (23)
2093 v BCO (23)
2067, 2042 w(BPC=130) (24)
1812 w(*C=0) HOCO (24)
1701 v(3C=0) (24)
1680 v4 BCH3"*CHO (21)
1661 v2 H0, v(13C=0) (24, 26)
1499 v(3C=10) (24)
1458 13CH/"*CHj3 deformation (24)
1426 vi2 BCH3!*CHO (21)
1366, 1361 13CH/"*CHj3 deformation (24)
1340 v7 BCH3"*CHO (21)
1294, 1270 v(13C-0) acid, §(OH) (24)
1002 w(*C-0) (24)
646 v, BCO;, (23)

Note. L indicates a lattice mode.



Table S36. Infrared absorption assignments for *CH3'3*CHO/!*COz ice (5000 nA, 5 hrs).

Residue (320 K)

Position (cm™) Identity References
3236 w(OH) 24)
1699 W(13C=0) acid (24)
1495 W(13C=13C) (24)
1349 BCH,/CH; deformation  (24)
1146 W(*C-0) acid, 5(OH) (24)
840 W(3C-0), 5(OH0) (24)

670, 549 S(0CO) acid (24)
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Figure S12. Structures (a, d, g, j, and m) along with the mass spectra of BDMS derivatives
of the citric acid cycle compounds. Note that m/z highlighted in b, e, h, k, and n are the ones
used for the identification of compounds from a mixture of standards, while m/z (M—15") and m/z
(M-57") were used for the identification of their !3C labelled analogs from the electron irradiated
simulated interstellar ice analog residue.
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Figure S13. Structures (a, h, k, n, and q) along with the mass spectra of fBDMS derivatives
of the citric acid cycle compounds. Note that m/z highlighted in b, d, f, i, 1, and o are the ones
used for the identification of compounds from a mixture of standards, while m/z highlighted in ¢,
e, g, j, m, p, and r were used for the identification of their '*C labelled analogs from the electron
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Figure S15. Infrared spectra of ice experiments during irradiation showing vibrational
modes of radicals. Fourier transform infrared spectra revealing vibrational modes of the cis- and
trans-hydrocarboxyl-'*C (c/t-HO'3CO), formyl-!*C (H!3CO), ethyl-'*C; (**C,Hs), and methyl-'3C
('3CH3) found during irradiation of experiments 2-12.



RETROSYNTHESIS

Table S37. Legend of all deconstructed molecules in the retrosynthesis of pyruvic acid, oxaloacetic

acid, and a-ketoglutaric acid.

Molecule Figure Number
pyruvic acid (1) Figure S16
2-oxoacetic acid Figure S17

2-oxopropanal Figure S18
oxalaldehyde Figure S19
formic acid Figure S20
ethenone Figure S21
formaldehyde Figure S21
oxaloacetic acid (7) Figure S22
3.,4-dioxobutanoic acid Figure S23
3-oxopropanoic acid Figure S24
3-oxoacrylic acid Figure S25
2,4-dioxobutanoic acid Figure S26
2,4-dioxobut-3-enoic acid Figure S27
2-oxosuccinaldehyde Figure S28
2,4-dioxobut-3-enal Figure S29
malonaldehyde Figure S30
3-oxoacrylaldehyde Figure S31
acetic acid Figure S32
a-ketoglutaric acid (5) Figure S33
2,5-dioxopentanoic acid Figure S34
2,5-dioxopent-4-enoic acid Figure S35
2-oxobutanoic acid Figure S36
2-oxobut-3-enoic acid Figure S37
propionic acid Figure S38
acrylic acid Figure S39
4-oxobutanoic acid Figure S40
4-oxobut-3-enoic acid Figure S41
4,5-dioxopentanoic acid Figure S42
propionaldehyde Figure S43
acrylaldehyde Figure S44
succinaldehyde Figure S45
4-oxobut-3-enal Figure S46
2-oxopentanedial Figure S47
prop-1-en-1-one Figure S48
buta-1,3-diene-1,4-dione Figure S49
2,5-dioxopent-4-enal Figure S50
2-oxobutanal Figure S51

2-oxobut-3-enal

Figure S52
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Figure S16A. Retrosynthesis of pyruvic acid (1) utilizing single-bond cleavage and subsequent
hydrogen addition/elimination.
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Figure S24C. Retrosynthesis of 3-oxopropanoic acid utilizing single-bond cleavage and
subsequent hydrogen addition/elimination.
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Figure S26A. Retrosynthesis of 2,4-dioxobutanoic acid utilizing single-bond cleavage and
subsequent hydrogen addition/elimination.
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Figure S26B. Retrosynthesis of 2,4-dioxobutanoic acid utilizing single-bond cleavage and
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Figure S26D. Retrosynthesis of 2,4-dioxobutanoic acid utilizing single-bond cleavage and
subsequent hydrogen addition/elimination.
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Figure S27B. Retrosynthesis of 2,4-dioxobut-3-enoic acid utilizing single-bond cleavage and
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Figure S28A. Retrosynthesis of 2-oxosuccinaldehyde utilizing single-bond cleavage and
subsequent hydrogen addition/elimination.
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Figure S28C. Retrosynthesis of 2-oxosuccinaldehyde utilizing single-bond cleavage and
subsequent hydrogen addition/elimination.
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Figure S29A. Retrosynthesis of 2,4-dioxobut-3-enal utilizing single-bond cleavage and
subsequent hydrogen addition/elimination.
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Figure S31. Retrosynthesis of 3-oxoacrylaldehyde utilizing single-bond cleavage and subsequent
hydrogen addition/elimination.
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Figure S32A. Retrosynthesis of acetic acid utilizing single-bond cleavage and subsequent
hydrogen addition/elimination.
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Figure S33A. Retrosynthesis of a-ketoglutaric acid utilizing single-bond cleavage and subsequent
hydrogen addition/elimination.
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(¢]
alpha-ketoglutaric acid

—

3 3

0] 0] 0] o] o]
Ho)k- YI\OH Ho)k \’H‘\OH HO)J\. ﬁ‘)}\OH
o o o
J +H +H +H H J -H +H
o}
o
0 Q Q
)k I )J\
OH :
OH
HO )k OH -0 '
) ) HO
acetic acid o . . )
acetic acid o
pyruvic acid pyruvic acid

—
A
l ;

3
o
OH
(¢]
-H
(¢]
OH

JL b

Figure S33C. Retrosynthesis of a-ketoglutaric acid utilizing single-bond cleavage and subsequent
hydrogen addition/elimination.
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Figure S33F. Retrosynthesis of a-ketoglutaric acid utilizing single-bond cleavage and subsequent
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Figure S34A. Retrosynthesis of 2,5-dioxopentanoic acid utilizing single-bond cleavage and
subsequent hydrogen addition/elimination.
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Figure S34C. Retrosynthesis of 2,5-dioxopentanoic acid utilizing single-bond cleavage and
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Figure S34E. Retrosynthesis of 2,5-dioxopentanoic acid utilizing single-bond cleavage and
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Figure S35A. Retrosynthesis of 2,5-dioxopent-4-enoic acid utilizing single-bond cleavage and
subsequent hydrogen addition/elimination.
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Figure S35B. Retrosynthesis of 2,5-dioxopent-4-enoic acid utilizing single-bond cleavage and
subsequent hydrogen addition/elimination.
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Figure S35D. Retrosynthesis of 2,5-dioxopent-4-enoic acid utilizing single-bond cleavage and
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Figure S36B. Retrosynthesis of 2-oxobutanoic acid utilizing single-bond cleavage and subsequent

hydrogen addition/elimination.
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Figure S36C. Retrosynthesis of 2-oxobutanoic acid utilizing single-bond cleavage and subsequent
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Figure S37A. Retrosynthesis of 2-oxobut-3-enoic acid utilizing single-bond cleavage and
subsequent hydrogen addition/elimination.
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Figure S40B. Retrosynthesis of 4-oxobutanoic acid utilizing single-bond cleavage and subsequent
hydrogen addition/elimination.
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Figure S41A. Retrosynthesis of 4-oxobutanoic acid utilizing single-bond cleavage and subsequent

hydrogen addition/elimination.
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Figure S41B. Retrosynthesis of 4-oxobutanoic acid utilizing single-bond cleavage and subsequent
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Figure S42A. Retrosynthesis of 4,5-dioxopentanoic acid utilizing single-bond cleavage and
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Figure S42D. Retrosynthesis of 4,5-dioxopentanoic acid utilizing single-bond cleavage and
subsequent hydrogen addition/elimination.
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Figure S43A. Retrosynthesis of propionaldehyde utilizing single-bond cleavage and subsequent
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Figure S45A. Retrosynthesis of succinaldehyde utilizing single-bond cleavage and subsequent
hydrogen addition/elimination.
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Figure S50A. Retrosynthesis of 2,5-dioxopent-4-enal utilizing single-bond cleavage and
subsequent hydrogen addition/elimination.
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Figure S50C. Retrosynthesis of 2,5-dioxopent-4-enal utilizing single-bond cleavage and

subsequent hydrogen addition/elimination.
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