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1. Reaction Database
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Figure S1. Distribution of experimental AAG* values (left) and experimental yields (right) in the
literature database of 820 Pictet—Spengler reactions.

The histograms in Figure S1 show the distribution of experimental enantioselectivity and percentage
yield values in the database of Pictet-Spengler condensations curated from the literature. Out of 820
reactions, only 36% (295) of yields were reported, predominantly for high-yielding reactions (60% of
reported yields are > 80%). If we analyze the coverage of the reaction space by Pictet—Spengler
condensations with reported yields (Figure S2), we see that large areas of chemical space are excluded
from the database. For these reasons, DFT computations and molecular volcano plots' are used to
estimate turnover frequencies and probe catalytic activity (vide infra).
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Figure S2. 2D t-SNE map? of the reaction space on the basis of the concatenated Morgan FingerPrints
of the substrates, catalyst, and co-catalyst. Grey points represent all the reactions in the database (820),
colored points (according to the experimental yield, 295) are the ones for which the yield is reported.
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2. Linear Free Energy Scaling Relationships

60 60
e 1 e TS1
— AGrrs(1) = 0.61 x AGrag(2) - 6.64 — AGrps(TS1) = 0.74 x AGrps(2) + 8.04
= 407 R® =0.39, MAE = 5.11 kcal/mol g 40 R? = 0.64, MAE = 3.51 kcal/mol
£ 3 0 ®
g = 207 2
= »
K £ 0]
< 3 20
-404, T T T T T T -40, T T T T T T
20 -10 0 10 20 30 40 20 -10 0 10 20 30 40
AGggs(2) [kcal/mol] AGgrgs(2) [kcal/mol]
60 60-]
e 1B e TS2
—— AGrps(1B) = 0.60 x AGrps(2) + 4.09 — AGrps(TS2) = 0.92 x AGrps(2) + 4.75
5 407 | R°=0.40, MAE = 4.40 kcal/mol E 40| R’=0.86, MAE = 2.14 kcal/mol
£ £
= =
g 20 ® oo g 20
o : N
3 0] £ 01
: e ° 2
(O] ° »
<2 20 3 -20-
-40 T T T T T T T -40 T T T T T T T
20 -10 0 10 20 30 40 20 -10 0 10 20 30 40
AGRggs(2) [kcal/mol] AGRggs(2) [kcal/mol]
60 60
e 3 o TS3
— AGgps(3) = 0.52 x AGggs(2) - 15.16 AGRps(TS3) = 0.94 x AGgps(2) + 5.60
= 407 R®=045 MAE =364 kcal/mol § 407  R®=0.73, MAE = 2.24 keal/mol
£ = °© o
T 204 S 204 8 °
2 = 0 o gB0°
=~ [ o ©,.,0000 ¢ 5
) 2] o)
% 0+ E 04 8%)
4 [4 o o
2 S
< 20 3 -20-
-404, T T T T T T -40+, T T T T T T
20 -10 0 10 20 30 40 20 -10 0 10 20 30 40
AGRggs(2) [kcal/mol] AGRggs(2) [kcal/mol]
60
o Product
AGin = 0.11 x AGrps(2) - 10.22
_ %7 R’=0.11, MAE = 2.26 kealimol
5
£ 204
(0]
2
& 04 o0 o
O 0, Oo o, e}
< 2 %%O%ajmo WY o
_20,
-40+, T T T T T T
20 -10 0 10 20 30 40

AGggs(2) [keal/mol]

Figure S3. Linear Free Energy Scaling Relationships of catalytic cycle intermediates and TSs for the
Scaling Relationship Set (only one enantiomeric pathway is considered). The x-axis is the chosen
descriptor variable, AGrrs(2). The shaded areas denote the 95% confidence intervals.

The TOF molecular volcano plots were constructed based on the LFESRs shown in Figure S3. Detailed
instructions are provided elsewhere.” The open-source toolkit volcanic® was used to automatically
generate the volcano plots. The input file for volcanic containing the relative Gibbs free energies of the
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Scaling Relationship Set is provided in Table S1. AGrrs(2) was identified by volcanic to be the best
descriptor variable for constructing the molecular volcano plots for C2 (mean R* = 0.57, mean MAE =
2.76 kcal/mol, MAPE = 0.81) and C3 (mean R? = 0.50, mean MAE = 3.15 kcal/mol, MAPE = 1.35)
addition. Figure S4 shows an exemplary potential energy surface (PES), highlighting the existence of
transition states with similar degree of TOF control.* The location of the SRS reactions on the t-SNE
plot of Figure 2 is reported in Table S2, along with the logTOF values for C2 addition and the
experimental AAG*.

Table S1. Relative Gibbs free energies (kcal/mol) of the Scaling Relationship Set. This is the format of
the input file for volcanic.?

Cat Intl TS1 1IntlB TS2 Int2 TS3 1Int3 Product
-12.1 3.9 -1.2 0.3 -1.5 0 =57 -20.1 -8.6

0_BD Int2 I Br

11_BD_Int2_I 53 12.9 12.7 12.2 9.4 132 -12.7 -10.1
11_BD_Int2_VII -7.6 4.0 3.9 2.9 1.9 9.6 -152 -7.2
12_BD_Int2_X -5.4 7.1 5.8 6.9 -6.1 -5.0  -22.8 -11.1
13_BD_Int2_X -5.7 8.1 4.0 0.0 45 22 -204 -11.1
14_BD_Int2_III -0.8 119 8.4 6.4 53 18.0  -6.0 -8.0
19_BD_Int2_I 4.5 24.1 12.5 199 121 139 -94 -3.1

-19.1 -64 -156 -7.1 -143 -7.0 -22.6 -8.6
34 217 208 153 106 131 -11.0 -10.5
17.0 227 6.3 23.1 148 294 40 -7.8
-4.8 7.6 4.2 0.0 43 -1.9 -23.0 -10.2
-133 4.0 1.7 -0.3 -3.6 1.6 -202 -14.8
-74 137 11.4 9.8 1.9 50 -14.1 -11.9
-43 219 17.9 16.5 139 141 -99 -9.8
-4.5 9.5 9.5 1.4 -4.6 14 -19.1 -9.8
-142  -0.6 -7.8 0.5 -6.1 2.1 -129 -8.6
54 159 13.1 12.1 7.8 8.6 -125 -9.4

1_BD_Int2 T Br
1_BD_Int2 XII
21_BD_Int2_IIT
25 BD Int2 X

27 BD_Int2_XII
35 BD_Int2_VII
36_BD_Int2_XII
37 BD Int2 X

3 BD Int2 VI Br
3 BD_Int2_VII
42 BD Int2 I

42 BD_Int2_XII
45 BD Int2_II

4 BD Int2_III

4 BD Int2 11

4 BD Int2 V

52 BD Int2 I

55 BD_Int2 I

59 BD Int2_VII
61_BD_Int2_VII

-8.2 145 11.4 158 129 150 -10.7 -11.9
-1.2 123 10.3 6.0 0.7 8.8 -11.7 -6.2
-04 142 11.9 10.4 9.4 20.7  -6.2 -3.1
-1.6 9.4 6.6 8.5 6.2 122 -13.5 -11.5
3.1 26.9 174 238 155 17.0 -109 -3.1
6.2 10.0 4.8 9.0 55 7.7  -16.4 -12.1
85 171 14.4 124 103 127 9.2 -9.4

-155 229 53 7.4 1.2 25  -199 -14.9

64_BD_Int2_I 9.9 8.0 7.1 23 -1.9 54 -148 -8.3
69_BD_Int2_I -10.6  11.1 9.6 6.9 3.6 93 -11.9 -9.3
6_BD_Int2_VII 0.8 8.2 0.0 4.5 -2.9 48 -185 -11.4
79_BD_Int2_I -6.3 17.7 10.8 11.5 9.5 10.8  -15.9 -11.9
80_BD_Int2_I -7.5 155 10.6 12.7 8.2 99 -165 -11.9
9_BD_Int2_V 11.6 199 10.3 300 212 226 -58 -5.8
0_BD_Int2_XIV -7.0  16.6 11.6 9.8 9.6 19.6  -6.8 -7.0
100_BD_Int2_XIII -16.8 3.1 2.5 0.6 -3.6 9.7 -5.4 -6.2
104_BD_Int2_XIII -3.3 -0.3 -5.1 8.4 -0.6 82 -20.8 -10.1
10_BD_Int2_XIII -1.9 125 -0.4 9.9 6.1 132 35 -11.0

-5.4 1.9 -6.2 22 57 6.6 -8.9 -13.2

123 BD_Int2_XIII .
122 64 56 16 07 43  -17.7  -153

29 BD Int2 XVI

SO DO DO DD DD DO DD o000 o0

31_BD_Int2_XVI -3.2 6.8 0.6 139 122 183 95 -9.7
6_BD_Int2_XVII 53 19.1 19.2 135 102 158 -03 -11.1
80_BD_Int2_XVI 8.2 16.8 5.7 224 207 279 32 -11.1
85_BD_Int2_XVI -1.8  16.5 15.2 7.9 2.7 154 -10.2 -12.1
94 BD _Int2_XVI -9.2 43 23 8.6 8.3 133 -58 -5.8

S4



N : NXN
AAGRRS [kcal/mol] YN
Cat + co-cat @E\C\NHOE Ph)OK F — wi:zwzowar
0.0} H i
' Xtorts2 =44%  Xroptss = 52%
ST 182 TS3
/6.4 L7 EETN P’roduct
‘ / 388
; -10.3
L,
B T3
-15.6
-19.1

>

Figure S4. Exemplary PES of the Pictet—Spengler condensation of N-hydroxyl-tryptamine and
acetophenone catalyzed by a urea Brensted acid in the presence of benzoyl bromide co-catalyst
(reaction labelled 1_BD_Int2_II_Br).’ Degrees of TOF control for TS2 (44%) and TS3 (52%) were
computed using the energy span model.*

S5



Table S2. Dimensions of the 2D t-SNE plot of the Pictet—Spengler database for the Scaling
Relationships Set, along with the descriptor variable [AGrrs(2), kcal/mol] and the logTOF values (1/s)
for the C2 addition molecular volcano plot. The experimental AAG* value for these reactions is also

reported.

Structure Diml  Dim2  AGrrs(2) logTOF AAGH
0_BD Int2 I Br -15.16  -9.89 -1.5 34 0.90
11_BD Int2 I -20.06  2.44 9.4 1.1 0.50
11_BD_Int2_VII -16.33 2.64 1.9 -0.3 0.44
12_BD_Int2_X -7.87  21.11 -6.1 -0.8 0.07
13_BD_Int2_X -7.54  21.52 -4.5 53 0.13
14_BD_Int2_III -0.93 -6.34 53 -1.2 1.88
19 BD Int2 I -19.95  -0.85 12.1 -6.4 0.46
1_BD_Int2_II_Br -16.65 -12.13 -14.3 3.7 0.53
1_BD_Int2_XII -9.50  -44.79 10.6 -1.0 0.34
21_BD_Int2_III -1.20 -5.20 14.8 -8.8 0.90
25 BD Int2 X -0.58  28.46 -4.3 1.2 2.53
27_BD_Int2_XII -4.64  -43.73 -3.6 1.8 1.72
35 BD _Int2_VII -22.33  -36.23 1.9 0.2 1.05
36_BD_Int2_ XII -443  -41.26 13.9 -2.5 2.17
37_BD_Int2_X -15.59  28.57 -4.6 4.6 3.11
3 BD_Int2 VI Br -11.85 -12.01 -6.1 2.0 0.12
3_BD_Int2_VIII -18.06 -40.82 7.8 -0.1 0.39
42 BD Int2 I -14.85  21.03 5.4 -1.0 0.55
42 BD Int2_XII -8.26  -41.13 12.9 -4.9 0.20
45 BD Int2_II -21.59  10.39 0.7 54 0.07
4 BD Int2 III -1.02 -1.92 9.4 -3.0 0.15
4 BD_Int2 II -24.74 5.10 6.2 -3.8 0.19
4 BD Int2_ V -9.44 2.38 15.5 -4.8 0.00
52 BD Int2_II -22.12 6.45 5.5 -3.6 0.07
55_BD_Int2_II -14.33  -36.86 10.3 -2.9 0.63
59 BD Int2_VII -27.60  -34.23 0.5 -0.2 1.33
61_BD Int2_VII -28.65 -35.36 1.2 -4.0 1.60
64_BD Int2 I -2476  -3.77 -1.9 1.6 2.06
69 BD Int2 I -24.74  -4.66 3.6 -1.9 3.24
6_BD_Int2_VII -15.55 6.37 -2.9 2.3 0.15
79 BD Int2 I -18.02 -32.73 9.5 -0.4 0.00
80 BD Int2 I -18.10 -33.24 8.2 -2.0 0.34
9 BD Int2_ V -9.65 4.23 21.2 9.2 0.73
0_BD_Int2 XIV 38.69 -12.11 9.6 -6.8 0.71
100_BD Int2 XIIT  28.31 9.66 -3.6 -6.6 0.44
104_BD Int2 XIII  35.02 -5.70 -0.6 -4.3 0.06
10_BD_Int2_XIII 30.06 -12.31 6.1 1.6 1.49
123 BD Int2 XIII  19.66 -31.68 -5.7 3.6 1.53
29 BD Int2_XVI 44.72 3.67 0.7 0.7 2.00
31_BD Int2_XVI 35.16 3.28 12.2 -2.9 1.29
6_BD_Int2_XVII 24.01 2.47 10.2 0.2 0.17
80 _BD Int2 XVI 35.37 12.53 20.7 -8.0 0.19
85 _BD_Int2_XVI 27.97 -3.71 2.7 0.0 0.23
94 BD Int2 XVI 42.26 -3.05 8.3 -3.7 0.44
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3. Enantioselectivity Predictions

3.1 Out-of-sample predictions
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Figure S5. Out-of-sample enantioselectivity predictions on 46 reactions®® withheld from the literature
database using the trained XGBoost/MFP model. Teal points indicate reactions involving geminally-

disubstituted tryptamines,® as shown in Scheme S1.
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Scheme S1. CPA—catalyzed enantioselective Pictet—Spengler condensation of geminally-disubstituted
tryptamines and aldehydes from List et al.’

S7



3.2 Bayesian ridge regression of enantioselectivity

An alternative representation of the database of Pictet-Spengler condensations catalyzed by dual- and
single-hydrogen-bond donors (S/DHBDs, 407 reactions) was constructed by extracting with MORFEUS®
119 global and local molecular features'®'' from the corresponding catalytic cycle intermediate 2
(“BD”-labelled enantiomer, optimized at the PCM(Toluene)/M06-2X-D3/Def2-TZVP//M06-2X-
D3/Def2-SVP level of theory as described in the Computational Details). Features include frontier
molecular orbital energies, solvent accessible surface areas, polarizabilities, NBO charges, NMR
chemical shifts, local nucleo/electrophilicities, bond distances, angles, dihedrals, and Sterimol
parameters. FMO energies, NBO charges, NMR shifts, polarizabilities, and dipole moments were
computed at the M06-2X-D3/Def2-TZVP level, whereas all other electronic descriptors were extracted
with MorfEUS from computations at the GFN2-xTB level. Figure S6 shows the t-SNE plot of the
featurized structures, indicating how reactions catalyzed by the same catalyst chemotype or involving
the same substrate types are correctly grouped together.

We then used Bayesian ridge regression (BRR, a regularized variation of least-squares fitting) to
parametrize a multivariate linear regression model'? of the experimental AAG* values following our
recently reported approach.'® The resulting expression [equation (1)] contains 26 parameters extracted
from either the protonated tetrahydro-f-carboline species (blue terms), the conjugated base of the co-
catalyst (green term), or from the non-covalently bound Brensted acid (red terms) (Scheme S2). Leave-
one-out cross-validation (Figure S7) affords R? of 0.53 and mean absolute error of 0.34 kcal/mol.
Despite these promising results, the cost associated with the optimization of structures generated during
an evolutionary experiment and the computation of molecular features for untested catalyst—substrates
combinations prohibit the use of this model for fitness evaluation during genetic optimization with
NaviCatGA.
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Figure S6. 2D t-SNE map? of the Pictet-Spengler reactions catalyzed by single- and dual-HBDs on the
basis of the molecular (global and local) features of catalytic cycle intermediate 2.
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Figure S7. Multivariate linear regression of experimental AAG* values for Pictet-Spengler
condensations catalyzed by single- and dual-HBDs (407 reactions). Bayesian ridge regression was used
to parametrize the MLR models and provide uncertainty estimations (the error bars)."?
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Scheme S2. Exemplary intermediate 2 for a Pictet—Spengler reaction catalyzed by a (thio)urea Bronsted
acid and acetic acid co-catalyst with labels used in equation (1), where p = global polarizability; V. =
buried volume; P = universal quantitative dispersion coefficient;'* SASA = solvent-accessible surface
area; f* = Fukui function for electrophilicity; N = local nucleophilicity; d = distance; ¢ = dihedral angle;
L, B1, and B5 = Sterimol parameters.
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4. Fragments Database
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Figure S8. Database of Breonsted acid templates for evolutionary experiments. X = O/S.

Table S3. List of flexible SMILES strings of organocatalyst scaffolds for the evolutionary experiments.

# SMILES
1A O=C(N[C@H](C(N(R1)R1)=0)R 1)NC1=CC(C(F)(F)F)=CC(C(F)(F)F)=C1
1B S=C(N[C@H](C(N(R1)R1)=0)R1)NC1=CC(C(F)(F)F)=CC(C(F)(F)F)=C1
24 O=C(NCI=CC(C(F)(F)F)=CC(C(F)(F)F)=C )N[C@@H](R1)C(N2CCC[C@]2(C)R1)=0
2B S=C(NCI=CC(C(F)(F)F)=CC(C(F)(F)F)=C1)N[C@@H](R1)C(N2CCC[C@]2(C)R1)=0
34 O=C(N([C@H]S[C@H](N(R1)(R1))CCCCS)NCI=CC(C(F)(F)F)=CC(C(F)(F)F)=C1
3B S=C(N([C@H]5[C@H](N(R1)(R1))CCCCS5))NC1=CC(C(F)(F)F)=CC(C(F)(F)F)=C1
4A  O=C(N[C@H]5[C@H](R2)CCCCIHN[C@@H](R1)C(N(R1)R1)=0
4B S=C(N[C@H]5[C@H](R2)CCCC5N[C@@H](R1)CN(R1)R1)=0
5A  O=C6C(N[C@H](C(N(R1)R1)=0)R1)=C(N(C1=CC(C(F)(F)F)=CC(C(F)(F)F)=C1))C6=0
5B S=C6C(N[C@H](C(N(RDR1)=0)R 1)=C(N(C1=CC(C(F)(F)F)=CC(C(F)(F)F)=C1))C6=S
6A  O=C6C(N(CI=CC(C(F)(F)F)=CC(C(F)(F)F)=C1))=C(N[C@@H](R1)C(N2CCC[C@]2(C)R1)=0)C6=0
6B S=C6C(N(C1=CC(C(F)(F)F)=CC(C(F)(F)F)=C1))=C(N[C@@H](R1)C(N2CCC[C@]2(C)R1)=0)C6=8
7JA  0=C6C(N(C1=CC(C(F)(F)F)=CC(C(F)(F)F)=C1))=C(N[C@@H](R1)C(R2)=0)C6=0
7B S=C6C(N(C1=CC(C(F)(F)F)=CC(C(F)(F)F)=C1))=C(N[C@@H](R1)C(R2)=0)C6=S
8A  0=C6C(N(C1=CC(C(F)(F)F)=CC(C(F)(F)F)=C1)=C(N[C@@H](R1)C(N2CCC[C@]2(C(R5)=0))=0)C6=0
8B S=C6C(N(C1=CC(C(F)(F)F)=CC(C(F)(F)F)=C1))=C(N[C@@H](R1)C(N2CCC[C@]2(C(R5)=0))=0)C6=S
9A  O=C(NCI=CC(C(F)(F)F)=CC(C(F)(F)F)=C )N5[C@H](C(N(R1)R1)=0)CC5
9B S=C(NCI1=CC(C(F)(F)F)=CC(C(F)(F)F)=C1)N5[C@H](C(N(R1)R1)=0)CC5
10A  O=C(NCI=CC(C(F)(F)F)=CC(C(F)(F)F)=C1)N5[C@H](C(N(R1)R1)=0)CCC5
10B  S=C(NCI=CC(C(F)(F)F)=CC(C(F)(F)F)=C)N5[C@H](C(N(R1)R1)=0)CCC5
11 0=P6(0)OCT=C(R3)C=C(C=CC=CR)C8=[C@A@]7[C@@]9=C(O6)C(R3)=CC%10=CC=CC=C9%10
12 0=P6(0)0CT=C(R3)C=C(CCCCY)CR=[C@@]7[C@@]9=C(O6)C(R3)=CC%10=CICCCC%]10
13 0=P6(0)0OCT=C(C(C=CC=C8)=C8C=CY)CI=CC(R4)=C7C%10=C(06)C%I 1=C(C=CC%12=C%11C=CC=C%12)C=C%]0(R4)
14 0=P6(0)OCT=C([C@]8(CI=C(O6)C(R3)=CC=CIC(R4)(R4)C8)CC%I0(R4)R4)C%10=CC=C7(R3)
15 0=P6(0)OC(R3)(R3)C@H](ON[C@H](C(R3)R3)O6)0C%8%TCCCCCS
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Table S4. List of SMILES strings of R'™ substituents for HBD organocatalysts explored in the

evolutionary experiments.

l‘1 R2

[H] C

C CC

CC CCC

CCC CCcCC

ccee C(C)(C)
C(O)(©) CC(CXO)
CC(C)(C) C(C)(CC)

[ (®(¢w) 1 (O(9(®)
CO)(O)C) CCCXO)O)
CC(C)(C)(C) CCHC

CC#C ClCCCC1
Cl1CCCC1 ClCCcCcCCl
ClCcccCl C1=CC=CC=C1
C1=CC=CC=C1 CCl1=CC=CC=C1

CC1=CC=CC=C1
CCC1=CC=CC=C1
CC(C=C1)=CC=C1C2=CC=CC=C2
[C@H](C)C1=CC=CC=C1

[C@H](C)C1CCCCCI
[C@H](C)C1=CC=CC2=C1C=CC=C2
C(C1=CC=CC=C1)C1=CC=CC=C1
C(C1=CC=CC=C1C)C2=CC=CC=C2C
C(C1=CC=CC=C1CC)C2=CC=CC=C2CC
C(C1=CC=CC=C1C(C)C)C2=CC=CC=C2C(C)C
C(C1=CC=CC=C1C(C)(C)C)C2=CC=CC=C2C(C)(C)C
C(C1=C(C)C=CC=C1C)C2=C(C)C=CC=C2C
C(C1=C(CC)C=CC=C1CC)C2=C(CC)C=CC=C2CC
C(C1=C(C(C)C)C=CC=C1C(C)C)C2=C(C(C)C)C=CC=C2C(C)C
C(C1=C(F)C=CC=C1F)C2=C(F)C=CC=C2F
C(C1=C(0C)C=CC=C10C)C2=C(OC)C=CC=C20C
C(C1=CC(C)=CC(C)=C1)C2=CC(C)=CC(C)=C2
C(C1=CC(CC)=CC(CC)=C1)C2=CC(CC)=CC(CC)=C2
C(C1=CC(C(C)(C)C)=CC(C(C)(C)C)=C1)C2=CC(C(C)(C)C)=CC(C(C)(C)C)=C2
C(C1=CC(F)=CC(F)=C1)C2=CC(F)=CC(F)=C2
C(C1=CC(C(F)(F)F)=CC(C(F)(F)F)=C1)C2=CC(C(F)(F)F)=CC(C(F)(F)F)=C2
C(C1=CC(OC)=CC(OC)=C1)C2=CC(OC)=CC(OC)=C2
C(C1=CC(C=CC=C2)=C2C=C1)C3=CC(C=CC=C4)=C4C=C3
C(C1=CC=CC2=C1C=CC=C2)C3=CC=CC4=C3C=CC=C4
C1=CC=C(C)C=C]1

C1=CC=C(F)C=C1

C1=CC=C(C)C=C1

C1=CC=C(Br)C=Cl

C1=CC=C(C#N)C=C1

C1=CC=C(OC)C=C]1

C1=CC=C(0)C=C1

C1=CC=C([N+](=0)([0-]))C=C1
C1=CC=C(C(F)(F)(F))C=C1
C1=CC=C(C(C)(C)(C))C=C1

CC1=CC=C(C)C=C1

CC1=CC=C(F)C=Cl1

CC1=CC=C(Cl)C=C1

CC1=CC=C(Br)C=Cl

CC1=CC=C(C#N)C=C1

CC1=CC=C(0C)C=C1

CC1=CC=C(0)C=C1
CC1=CC=C(IN+](=0)([0-]))C=C1
CC1=CC=C(C(F)(F)(F))C=C1
CC1=CC=C(C(C)(C)(C))C=C1

C1=CC(C)=CC(C)=C1

C1=CC(F)=CC(F)=C1

C1=CC(CH)=CC(C)=C1
CI=CC(IN+]([O-D(=0))=CC(IN+]([O-])(=0))=C1
CI=CC(C(F)(F)(F))=CC(C(F)(F)(F))=C1
C1=CC(OC)=CC(OC)=C1
CI=CC(C(CYONC)=CC(C(CYUCXC))=CL
C1=C(C)C=CC=C1(C)

C1=C(C)C=C(C)C=C1(C)
CI=C(C(C)(C)C=C(C(CYC))C=CLC(C)(C))
C1=C(Cl)C=C(CI)C=C1(C))
C1=C(C)C=C(C(C)(C)CHC=CI(C)

CCC1=CC=CC=C1
CC(C=C1)=CC=C1C2=CC=CC=C2
[C@H](C)C1=CC=CC=C1

[C@H](C)C1CCCCCl
[C@H](C)C1=CC=CC2=C1C=CC=C2
C(C1=CC=CC=C1)C1=CC=CC=C1
C(C1=CC=CC=C1C)C2=CC=CC=C2C
C(C1=CC=CC=C1CC)C2=CC=CC=C2CC
C(C1=CC=CC=C1C(C)C)C2=CC=CC=C2C(C)C
C(C1=CC=CC=C1C(C)(C)C)C2=CC=CC=C2C(C)(C)C
C(C1=C(C)C=CC=C1C)C2=C(C)C=CC=C2C
C(C1=C(CC)C=CC=C1CC)C2=C(CC)C=CC=C2CC

C(C1=C(C(C)C)C=CC=C1C(C)C)C2=C(C(C)C)C=CC=C2C(C)C

C(C1=C(F)C=CC=CI1F)C2=C(F)C=CC=C2F
C(C1=C(0C)C=CC=C10C)C2=C(0OC)C=CC=C20C
C(C1=CC(C)=CC(C)=Cl)C2=CC(C)=CC(C)=C2
C(C1=CC(CC)=CC(CC)=Cl)C2=CC(CC)=CC(CC)=C2
C(C1=CC(C(C)(C)C)=CC(C(C)(C)C)=C1)C2=CC(C(C)(C)C)=CC(C(C)(C)C)=C2
C(C1=CC(F)=CC(F)=C1)C2=CC(F)=CC(F)=C2

C(C1=CC(C(F)(F)F)=CC(C(F)(F)F)=C1)C2=CC(C(F)(F)F)=CC(C(F)(F)F)=C2

C(C1=CC(OC)=CC(OC)=C1)C2=CC(OC)=CC(OC)=C2
C(C1=CC(C=CC=C2)=C2C=C1)C3=CC(C=CC=C4)=C4C=C3
C(C1=CC=CC2=C1C=CC=C2)C3=CC=CC4=C3C=CC=C4
C1=CC=C(C)C=C]1

C1=CC=C(F)C=C1

C1=CC=C(CHC=C1

C1=CC=C(Br)C=C1

C1=CC=C(C#N)C=C1

C1=CC=C(OC)C=C1

C1=CC=C(0)C=C1
C1=CC=C([N+](=0)([0-]))C=C1
C1=CC=C(C(F)(F)(F))C=C1
C1=CC=C(C(C)(C)(C))C=C1
CC1=CC=C(C)C=C1

CC1=CC=C(F)C=C1

CC1=CC=C(Cl)C=C1

CC1=CC=C(Br)C=C1

CC1=CC=C(C#N)C=C1

CC1=CC=C(0C)C=C1

CC1=CC=C(0)C=C1
CC1=CC=C(IN+](=0)([0-]))C=C1
CC1=CC=C(C(F)(F)(F))C=C1
CC1=CC=C(C(C)(C)(C))C=C1
C1=CC(C)=CC(C)=C1

C1=CC(F)=CC(F)=C1

C1=CC(Cl)=CC(Cl)=C1
CI=CC(IN+]([O-])(=0))=CC(IN+]([O-])(=0))=C1
CI=CC(C(F)(F)(F))=CC(C(F)(F)(F))=C1
C1=CC(OC)=CC(OC)=C1
CI=CC(C(CYONC)=CC(C(CHCYC))=CL
C1=C(C)C=CC=C1(C)
C1=C(C)C=C(C)C=C1(C)
CI=C(C(C)(C)C=C(C(CYC))C=CLC(C)(C))
C1=C(CHC=C(CHC=C1(CI)
C1=C(C)C=C(C(C)(C)(C))C=C1(C)
C1=CC(F)=C(F)C(F)=C1




C1=CC(F)=C(F)C(F)=C1
C1=C(F)C=CC=CI1(F)
C1=C(C)C(C)=C(C)C(C)=C1(C)
C1=C(F)C(F)=C(F)C(F)=C1(F)
CC1=CC(C)=CC(C)=C1

CC1=CC(F)=CC(F)=C1
CC1=CC(Cl=CC(CNH=C1
CCI=CC(IN+]([O-D(=0)=CC(IN+]([O-])(=0))=C1
CC1=CC(C(F)(F)(F))=CC(C(F)(F)(F))=C1
CC1=CC(0C)=CC(OC)=C1
CC1=CC(C(C)(C)(C))=CC(C(C)(C)(C))=C1
CC1=C(C)C=CC=CI(C)

CC1=C(F)C=CC=CI(F)
CC1=C(C)C=C(C)C=C1(C)
CCI=C(C(C)(C)C=C(C(CYC))C=CLC(C)(C))
CC1=C(Cl)C=C(CI)C=C1(Cl)
CC1=C(C)C=C(C(C)(C)(C))C=C1(C)
CC1=CC(F)=C(F)C(F)=C1
CC1=C(C)C(C)=C(C)C(C)=C1(C)
CC1=C(F)C(F)=C(F)C(F)=C1(F)
C1=CC=CC2=C1C=CC=C2
C1=CC=C(C=CC=C2)C2=C1
CC1=CC=CC2=C1C=CC=C2
CC1=CC=C(C=CC=C2)C2=C1
CN(C)CC1=CC=CC=C1
C1=CC2=C(C=CC=C2)C3=CC=CC=C31
C1=C(C=CC=C2)C2=CC3=C1C=CC=C3
CC1=C(C=CC=C2)C2=CC3=C1C=CC=C3
C1=C2C3=C(C=CC4=CC=CC(C=C2)=C43)C=C]1
CC1=C2C3=C(C=CC4=CC=CC(C=C2)=C43)C=C1
C(C1=CC=CC=C1)(C2=CC=CC=C2)0

C1=C(F)C=CC=CI1(F)
C1=C(C)C(C)=C(C)C(C)=C1(C)
C1=C(F)C(F)=C(F)C(F)=C1(F)
CC1=CC(C)=CC(C)=C1

CC1=CC(F)=CC(F)=C1
CC1=CC(Cl=CC(CNH=C1
CCI=CC(IN+]([O-D(=0)=CC(IN+]([O-])(=0))=C1
CC1=CC(C(F)(F)(F))=CC(C(F)(F)(F))=C1
CC1=CC(0C)=CC(OC)=C1
CC1=CC(C(C)(C)(C))=CC(C(C)(C)(C))=C1
CC1=C(C)C=CC=CI(C)

CC1=C(F)C=CC=CI(F)
CC1=C(C)C=C(C)C=C1(C)
CCI=C(C(C)(C)C=C(C(CYC))C=CLC(C)(C))
CC1=C(Cl)C=C(CI)C=C1(Cl)
CC1=C(C)C=C(C(C)(C)(C))C=C1(C)
CC1=CC(F)=C(F)C(F)=C1
CC1=C(C)C(C)=C(C)C(C)=C1(C)
CC1=C(F)C(F)=C(F)C(F)=C1(F)
C1=CC=CC2=C1C=CC=C2
C1=CC=C(C=CC=C2)C2=C1
CC1=CC=CC2=C1C=CC=C2
CC1=CC=C(C=CC=C2)C2=C1
CN(C)CC1=CC=CC=C1
C1=CC2=C(C=CC=C2)C3=CC=CC=C31
C1=C(C=CC=C2)C2=CC3=C1C=CC=C3
CC1=C(C=CC=C2)C2=CC3=C1C=CC=C3
C1=C2C3=C(C=CC4=CC=CC(C=C2)=C43)C=C]1
CC1=C2C3=C(C=CC4=CC=CC(C=C2)=C43)C=Cl
C(C1=CC=CC=C1)(C2=CC=CC=C2)0

N

N(C)

N(CC)

N(CCC)

N(CCCC)

N(C1=CC=CC=C1)

N(CC1=CC=CC=C1)

N(C)(©)

N(CC)(CC)

N(CCC)(CCC)

N(CCCC)(CCCC)

N(C)(C1=CC=CC=C1)
N(C)(CC1=CC=CC=C1)
N(C)(C1=CC=C(C)C=C1)
N(C)(C1=CC=C(F)C=C1)
N(C)(C1=CC=C(0C)C=C1)
N(C)(C1=CC=C(C(F)(F)(F))C=C1)
N(C)(C1=CC(C)=CC(C)=C1)
N(C)(C1=CC(F)=CC(F)=C1)
N(C)(C1=CC(Cl)=CC(CI)=C1)
N(C)(CI=CC(IN+]([O-D(=0))=CC(IN+]([O-])(=0))=C1)
N(C)(CI=CC(C(F)(F)(F)=CC(C(F)(F)(F))=C1)
N(C)(C1=CC(0OC)=CC(OC)=C1)
N(C)(CI=CC(C(C)(C)C)=CC(C(CUC)C))=C1)
N1C=CC=C1

N1C(C)=CC=CI1C
N1C(C)=CC=C1(C1=CC=CC=C1)
N1C(C2=CC=CC=C2)=CC=C1C3=CC=CC=C3
N1C(C)=CC=C1(C1=CC=CC2=C1C=CC=C2)
N1C(C)=CC=C1(C1=CC=C(C=CC=C2)C2=C1)
N1C(C)=CC(C(OCC)=0)=C1(C1=CC=C(C=CC=C2)C2=C1)
N1CCC2=C1C=CC=C2
N1CC(C=CC=C2)=C2C1
N1CCC2=C1C=C(0C)C=C2
N1CC(C=CC(0C)=C2)=C2C]1
N1CCC2=C1C=C(CN)C=C2
N1CC(C=CC(Cl)=C2)=C2C1
N1CC2=C3C1=CC=CC3=CC=C2

S12



Table S5. List of SMILES strings of R*™* substituents for CPA organocatalysts explored in the
evolutionary experiments.

R3 R*
[H] [H]
C C
cC cC
CcCcC C(C)(©O)
Ccccce C(C)(O)(C)
C(C)(©O) C1=CC=CC=C1
CCC)©)

C(C)(CC)

CCUON©)

CCOXO)©)

C#C

CC#C

C#N

F

Cl

Br

ClCccccecl

C1=CC=CC=C1

CC1=CC=CC=Cl1

CCCl1=CC=CC=C1

CC(C=C1)=CC=C1C2=CC=CC=C2

[C@H](C)C1=CC=CC=Cl

[C@H](C)C1CCCCC1

[C@H](C)C1=CC=CC2=C1C=CC=C2

C(C1=CC=CC=CI1)C1=CC=CC=C1

C(C1=CC=CC=C1C)C2=CC=CC=C2C
C(C1=CC=CC=CICC)C2=CC=CC=C2CC
C(C1=CC=CC=CIC(C)C)C2=CC=CC=C2C(C)C
C(C1=CC=CC=CIC(C)(C)C)C2=CC=CC=C2C(C)(C)C
C(C1=C(C)C=CC=C1C)C2=C(C)C=CC=C2C
C(C1=C(CC)C=CC=CICC)C2=C(CC)C=CC=C2CC
C(C1=C(C(C)C)C=CC=C1C(C)C)C2=C(C(C)C)C=CC=C2C(C)C
C(C1=C(F)C=CC=CIF)C2=C(F)C=CC=C2F
C(C1=C(0C)C=CC=C10C)C2=C(0C)C=CC=C20C
C(C1=CC(C)=CC(C)=C1)C2=CC(C)=CC(C)=C2
C(C1=CC(CC)=CC(CC)=C1)C2=CC(CC)=CC(CC)=C2
C(C1=CC(C(C)(C)C)=CC(C(C)(C)C)=C1)C2=CC(C(C)(C)C)=CC(C(C)(C)C)=C2
C(C1=CC(F)=CC(F)=C1)C2=CC(F)=CC(F)=C2
C(C1=CC(C(F)(F)F)=CC(C(F)(F)F)=C1)C2=CC(C(F)(F)F)=CC(C(F)(F)F)=C2
C(C1=CC(0OC)=CC(0C)=C1)C2=CC(0C)=CC(OC)=C2
C(C1=CC(C=CC=C2)=C2C=C1)C3=CC(C=CC=C4)=C4C=C3
C(C1=CC=CC2=C1C=CC=C2)C3=CC=CC4=C3C=CC=C4

C1=CC=C(C)C=C1

C1=CC=C(F)C=C1

C1=CC=C(ChH)C=C1

C1=CC=C(Br)C=Cl

C1=CC=C(C#N)C=Cl1

C1=CC=C(0C)C=C1

C1=CC=C(0)C=C1

C1=CC=C([N+](=0)([0-]))C=C1

C1=CC=C(C(F)(F)(F))C=C1

C1=CC=C(C(C)(C)(C))C=C1

CC1=CC=C(C)C=C1

CC1=CC=C(F)C=Cl

CC1=CC=C(ClI)C=C1

CC1=CC=C(Br)C=Cl1

CC1=CC=C(C#N)C=C1

CC1=CC=C(0C)C=C1

CC1=CC=C(0)C=C1

CC1=CC=C([N+](=0)([O-]))C=C1

CC1=CC=C(C(F)(F)(F))C=C1

CC1=CC=C(C(C)(C)(C))C=C1

C1=CC(C)=CC(C)=C1

C1=CC(F)=CC(F)=C1

C1=CC(Cl)=CC(Cl)=C1

CI1=CC(IN+]([O-](=0))=CC(IN+]([O-])(=0))=C1
C1=CC(CE)(F)(F)=CC(C(F)(F)(F))=C1

C1=CC(0OC)=CC(0C)=C1

CI=CC(CO)(CO)C)=CCCO)CXC)=CL

C1=C(C)C=CC=C1(C)

C1=C(C)C=C(C)C=C1(C)

CI=C(C(CYC)C=C(C(CHCHC=CL(C(CX(C))

C1=C(CI)C=C(CN)C=C1(C])

C1=C(C)C=C(C(C)(C)(C))C=CI1(C)

C1=CC(F)=C(F)C(F)=Cl

C1=C(F)C=CC=CI(F)
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C1=C(C)C(C)=C(C)C(C)=CI(C)
C1=C(F)C(F)=C(F)C(F)=C1(F)
CC1=CC(C)=CC(C)=Cl

CC1=CC(F)=CC(F)=C1

CC1=CC(Cl)=CC(CH=C1
CC1=CC(IN+]([O-](=0))=CC(IN+]([0-])(=0))=C1
CC1=CC(C(F)(F)(F))=CC(C(F)(F)(F))=Cl
CC1=CC(0C)=CC(OC)=C1
CC1=CC(C(C)(C)(C))=CC(C(C)(C)(C))=C1
CC1=C(C)C=CC=CI(C)

CC1=C(F)C=CC=CI(F)

CC1=C(C)C=C(C)C=C1(C)
CC1=C(C(C)(C))C=C(C(CY(C)C=CL(C(C)C))
CC1=C(CI)C=C(C1C=C1(Cl)
CC1=C(C)C=C(C(C)(C)(C))C=C1(C)
CC1=CC(F)=C(F)C(F)=C1
CC1=C(C)C(C)=C(C)C(C)=CI1(C)
CC1=C(F)C(F)=C(F)C(F)=C1(F)
C1=CC=CC2=C1C=CC=C2
C1=CC=C(C=CC=C2)C2=C1
CC1=CC=CC2=C1C=CC=C2
CC1=CC=C(C=CC=C2)C2=C1
CN(C)CC1=CC=CC=C1
C1=CC2=C(C=CC=C2)C3=CC=CC=C31
C1=C(C=CC=C2)C2=CC3=C1C=CC=C3
CC1=C(C=CC=C2)C2=CC3=C1C=CC=C3
C1=C2C3=C(C=CC4=CC=CC(C=C2)=C43)C=C1
CC1=C2C3=C(C=CC4=CC=CC(C=C2)=C43)C=C1
[Si](C1=CC=CC=C1)(C2=CC=CC=C2)C3=CC=CC=C3
C1=CC(C(C)(C)C)=C(OC)C(C(C)(C)C)=C1
C1=C(C2CCCCC2)C=C(C3CCCCC3)C=C1C4CCCCC4
CI=N[C@@H](C2=CC=CC=C2)[C@H](C3=CC=CC=C3)N1(S(=0)(=0)(CC))

CI=N[C@@H](C2=CC=CC=C2)[C@H](C3=CC=CC=C3)N1(S(=0)(=0)(C(C)(C)))
CI=N[C@@H](C2=CC=CC=C2)[C@H](C3=CC=CC=C3)N1(S(=0)(=0)(C1=CC=C(C)C=C1))

C1=CN(C2=CC=C(C=C3)C4=C2C=CC5=CC=CC3=C45)N=N1
C1=CC=C(C2=CC(C=CC=C3)=C3C=C2)C=C]
C1=CC(C2=C(C)C=C(C)C=C2C)=CC(C3=C(C)C=C(C)C=C3C)=C1
C1=CC(C2=CC=CC=C2)=CC(C3=CC=CC=C3)=C1
C1=C(C(F)(F)F)C=C(C(F)(F)F)C=C1

[Si](C1=CC=C(C(C)(C)C)C=C1)(C2=CC=C(C(C)(C)C)C=C2)C3=CC=C(C(C)(C)C)C=C3

C1=CC=C(C2CCCCC2)C=C1
C1=CC=C(C2=CC(C(F)(F)F)=CC(C(F)(F)F)=C2)C=C1
C1=CC=CC(COC)=C1

C1=CC(C)=C(0C(C)C)C(C)=C1
C1=C(C(C)C)C=C(C2=CC=C(C(C)(C)C)C=C2)C=C1C(C)C
C1=C(CHC=C(C)C=CIC1
C1=C(C=CC=C2)C2=C(C3=CC(C=CC=C4)=C4C=C3)C5=C1C=CC=C5

C1=CC(C2=CC(C(F)(F)F)=CC(C(F)(F)F)=C2)=CC(C3=CC(C(F)(F)F)=CC(C(F)(F)F)=C3)=C1

C1=CC=C(S(F)(F)(F)(F)F)C=C1
C1=C(C2=CC(C=CC=C3)=C3C=C2)C=CC=C]
C1=C(0CC)C=CC(C)=C1

C1=C(F)C=C(0C)C=CIF

C1=C(0C)C=CC=C10C
C1=CC(C2=CC=C(0C)C=C2)=CC(C3=CC=C(0C)C=C3)=C1
C1=C(OC(F)(F)F)C=CC=C1
[Si](C)(C1=CC=CC=C1)C2=CC=CC=C2
C1=CC(C2=CC(C=CC=C3)=C3C=C2)=CC=C]
C1=CC=CC=C1(C(F)(F)F)
C1=C2C3CCC(CC3)C2=CC4=C1C5CCCACCS
C12C[C@@H](C[C@H]3C2)C[C@@H](C3)C1
C1=C(C(C)C)C=C(C23C[C@@H](C[C@H]4C3)C[C@@H](C4)C2)C=C1C(C)C
C1=CC(IN+]([O-])=0)=C(C)C(IN+]([0-])=0)=C1
C1=CN(C2=C(F)C=CC=C2)N=N1
C1=CC=C(C2=C(C=CC=C3C4=C5C=CC=C4)C3=C5C=C2)C=C1
C1=CC=CC=C1CCC2=CC=CC=C2
C1=CC=CC(IN+]([0-])=0)=C1

CHCC1CCCCCI

C1=C(CHC=C(CI)C=C1
C1=CC=C(C2=CC(C(C)(C)C)=CC(C(C)(C)C)=C2)C=C1
C1=CC=CC=CI[N+]([0-])=0
C1=CC(C2=C(C=CC=C3)C3=C(C=CC=C4)C4=C2)=CC=C1
C1=CC(S(F)(F)(F)(F)F)=CC(S(F)(F)(F)(F)F)=C1
CHCC1=CC=C(C(F)(F)F)C=CI

[Sil(CXO)C(C)O)C

CHC[Si](CC)(CC)CC

CHCC1=C(C(F)(F)F)C=CC=C1
CHCC1=CC=C([N+]([0-])=0)C=C1

CHCC1=CC=C(0C)C=C1

CHC[Si](C(C)C)(C(C)C)C(C)C
C#CC1=C(IN+]([0-])=0)C=CC=C1
C1=C(C(C)C)C=C(C2=C(C=CC=C3)C3=CC4=C2C=CC=C4)C=C1C(C)C
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5. Generality Probing Set

Table S6. Combinations of SMILES of SubA and SubB included in the Generality Probing Set (GPS),
along with their location in the 2D t-SNE plot of the substrate scope.

# SubA SMILES SubB SMILES Dim1 Dim2
1 [N-]=[N+]=Nelccee2[nH]ee(CCN)e12 COC(=0)/C=C/COclc(Cl)cccc1C=0 0.84 -0.77
2 C=CCNCCclc[nH]c2ccecel2 O=Cclcc(Cl)ccclO -9.51 1.08
3 sy CLCC@IOCCRIIOCCONCE coC(=0)/C=C/CN(cleecee] C=0)S(=0)(=O)clcce(C)ecl -2.60 -6.35
4 NCCeclc[nH]c2ce(O)c(O)c(F)cl2 Ccleecec1C=0 6.94 5.11
5 CCCCclece2[nH]ec(CCN)c2cel CCC(=0)C(C)=0 1.27 5.21
6 CCNCCclc[nH]c2cec(OC)ecl2 COC(=0)/C=C/COclcccec1C=0 -4.42 3.11
7 NCCeclc[nH]c2cec(Ce3ceccec3)ecl2 O=Cclccc(C(F)(F)F)ccl 1.32 9.58
8 CCOC(=0)CCCelece2[nH]ee(CCN)e2el O=Cclcc2cccee2sl 8.00 -2.07
9 CCNCCclc[nH]c2cec(OC)ecl2 O=Cclc[nH]c2ceee(C(=0)0)c12 3.78 -5.76
10 COclec2¢(CCN)c[nH]c2celO O=Cclcceeel 5.75 8.47
11 Oclece2[nH]ce(CCNCe3cecee3)e2cl O=CCOCclccecel -6.18 -4.45
12 Ccleee(C)e2¢(CCN)e[nH]c12 CCnlc2cccee2c2ec(C=0)cec2l 6.54 2.55
13 Celee(OCe2ecece2)ec2¢(CCN)e[nH]e12 CCCC(=0)C(=0)0cCcC -1.24 6.87
14 NCCeclc[nH]c2¢(F)c(F)c(O)ccl2 COclcee(C=0)c(F)cl 12.05 2.40
15 COC(=0)elece(OC)e2[nH]ee(CCN)el2 CCC(=0)C(=0O)NC1CcccceCl -2.17 0.60
16 C=CCNCCelc[nH]c2cec(F)eel2 g):(g[[((:(gég]]11[Ccé@ig](0[C@@H]ZO[C@H](CO)[C@@H](0)[C@H](0)[(‘(@1‘1]20)OC:C(C(:O]OCCCNC(:O)OC(C)( -6.94 -8.29
17 Cclee(C)e(CNCCe2e[nH]e3cceee23)e(C)el O=CC1=NCCSI1 -7.28 2.78
18 NCCeclc[nH]c2¢(O)ce(O)c(F)cl2 O=CC(clececel)cleceecl 10.88 -1.34
19 COclcee2[nH]ee(CCNC(C)C)e2cl C=C=C(CCC=0)clcecc(Cl)ccl 0.35 -5.74
20 NCCeclc[nH]c2ce(Br)ceel2 O=Cclccec2eccec]2 2.87 -8.30
21 COC(=0)eleec(OC)e2[nH]ec(CCN)el2 CCOclcceec1C=0 5.38 -0.05
22 COC(=0)CCNCCclc[nH]c2ccecel2 C#CC(=0)0C -9.14 -3.33
23 COclcee2[nH]ee(CCNC(C)C)e2cl O=Cclcceeel C#Cceleccecl -2.60 -3.16
24 Celee(C)e(CNCCe2e[nH]e3ece(C)ee23)e(C)el O=Cclcceec1C#Celeccececl -5.37 -1.75
25 COcleeee2[nH]ee(CCNC/C=C/COC(=0)O0C(C)(C)C)cl12 O=Cclcee(O[C@H]20[C@H](COCc3cccee3)[C@@H](OCc3cceee3)[C@@H](OCce3cccee3)[C@H]20Cc2ccecc2)cel -0.85 -11.38
26 Celee(OCe2cecee2)ec2e(CCN)e[nH]e12 COclcee2ec(C=0)cee2cl 9.91 5.76
27  CC(C)(C)cleec2[nH]ee(CCN)c2cl CCC(C)C=0 3.50 3.49
28 NCCclc[nH]c2c(F)c(F)e(F)c(F)cl12 COC(=0)C(=0)CCCO[SiJ(C)C)C(C)(C)C 0.48 2.67
29 NCCeclc[nH]c2ce(Cl)e(F)eel2 O=Cclccec(C(F)(F)F)cl 2.92 8.03
30 COclecc2¢(CCNOCSC)c[nH]c2cc1Br O=Cclcc(-c2cecec2)onl 2.76 -2.77
31 CCOC(=0)CCNCCele[nH]e2cceeel2 C=C=C(CCC=0)C(C)(C)C -11.45 0.18
30 CCOclecedeeceedelS(CONCCelcfnHe2ecccel2 SZ{CC[(C:(g;-glc [)?éqég%ggfgy&@g]zo[c@ﬁ](coc(c1:0)[C@@,HJ(oc(c)zo)[C@,/H](oc()zo)[C@H]zoqc):o)oc 449 1140
33 COclece2[nH]ce(CCN)c2cel CCOC(=0)CC(=0)C(=0)O -2.66 8.80
34 [N-]=[N+]=Nclccee2[nH]ee(CCN)el2 O=CCICC1 6.81 -6.11
35 NCCeclc[nH]c2c(F)cc(F)eel2 0=CC(=0)0 8.54 0.45
36 O=[N+)([O-]clece(CNCCe2e[nH]e3eccee23)ee] CC(C)(O)[C@@H]1CC[C@](C)(CC=0)01 -1.79 -0.57
37  COclcee2[nH]ec(CCN)c2cl COC(=0)C1=CO[C@@H](OCC(C)C)C[C@H]1CC=0 -3.06 -9.18
38 NCCele[nH]e2cee(OC(=0)c3cenced)cel2 C=CCCCC(=0)C(=0)0C -1.45 4.01
39 NCCclc[nH]e2¢(O)ee(O)e(O)cl2 CC(C)(C)OC(=0)CC[C@@H](C=O)nlccecl -0.24 -3.65
40 NCCeclc[nH]c2cee(Br)ccl2 O=CclcceeclO 4.17 6.21
41 Ccleec2¢(CCN)e[nH]c2¢1Br O=Cclcce(=0)[nH]cl 8.68 8.95
42 COclec2¢(CCNOCSC)c[nH]c2cc1Br CCSC(CCC=0)(SCC)C(=0)OC -1.08 0.15
43 COclcee2[nH]ec(CCN)c2el CC(=0)C(=O)NCclcceeel -4.07 0.32
44 COclec2¢(CCNOCSC)c[nH]c2cc1Br C=C=CCN(CC=0)C(=0)0C(C)(C)C 3.00 0.66
45 Clelece2[nH]ee(CCNCe3eeece3)e2el O=Cclen(S(=0)(=0)c2cecec2)c2necec]2 -0.09 -8.19
46 NCCeclc[nH]c2ce(O)ecel2 O=Cclcce2e(c1[N+](=0)[0-]))OCO2 0.83 12.02
47 NCCeclc[nH]c2ce(Cl)eecl2 O=Cclccocl 3.99 10.69
48 COclece2[nH]ce(CCN)c2cel CCC(=0)C(=0O)NCC(=0)OC(C)(C)C -4.72 5.90
49 COclece(IN+](=0)[0-])e2¢(CCN)e[nH]e12 O=Cclcenc2ececcl2 521 -3.31
50 NCCclc[nH]c2¢(Br)ccecl2 O=Cclcce(Br)eclO 9.88 3.00
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6. Evolutionary Experiments

6.1 Specificity-oriented optimization on the HBD catalyst space
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Figure S9. Box-and-whisker chart showing the evolution of AAG* and AGrrs(2) of the top individual
in the HBD population for selected generations (i.e., when the identity of the best-performing catalyst
changes) during the specificity-oriented optimization. Each datapoint corresponds to a reaction in the
GPS, the yellow diamond indicates reaction 11 (Np-benzylserotonin + benzyloxyacetaldehyde). Outliers
and far outliers are indicated with filled circles and squares, respectively. The optimization targets are
AAG* and AGrrs(2) of reaction 11.
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6.2 Single-objective optimization (SOO) of selectivity on the HBD catalyst space
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Figure S10. Box-and-whisker chart showing the evolution of AAG* and AGrrs(2) of the top individual
in the HBD population for selected generations (i.e., when the identity of the best-performing catalyst
changes) during the single-objective optimization (SOO) experiment. Each datapoint corresponds to a
reaction in the GPS. Outliers and far outliers are indicated with filled circles and squares, respectively.
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6.3 Single-objective optimization (SOO) of activity on the HBD catalyst space
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Figure S11. Box-and-whisker chart showing the evolution of AAG* and AGrrs(2) of the top individual
in the HBD population for selected generations (i.e., when the identity of the best-performing catalyst
changes) during a single-objective optimization experiment where only AGrrs(2)med 1S optimized. Each
datapoint corresponds to a reaction in the GPS. Outliers and far outliers are indicated with filled circles
and squares, respectively.

In the single-objective optimization experiment reported in Figure S11, activity [i.e., AGrrs(2)med]
improves form 4.1 to -2.5 kcal/mol over the course of 27 generations, approaching the volcano peak of
-9.0 kcal/mol (Fig. 4D). Conversely, AAG*nes remains equal to 0.9 kcal/mol and does not exceed 1.4
kcal/mol (generation 14), but the difference between the upper and lower whisker significantly
decreases. The catalyst scaffold evolves from the thiosquaramide-pyrrolidino moiety in generation 1 to
the squaramide-amide-based template in generation 27.
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6.4 Multi-objective generality-oriented optimization with activity prioritized

15 --15

-104 = ° o r-10

AGRgs(2) [keal/mol]

25 89 111415 16 20 21 46 47

1
¢ Generation
ci
cl

Figure S12. Box-and-whisker chart showing the evolution of AAG* and AGrrs(2) of the top individual
in the HBD population for selected generations (i.e., when the identity of the best-performing catalyst
changes) during a multi-objective optimization experiment with activity prioritized. Each datapoint
corresponds to a reaction in the GPS. Outliers and far outliers are indicated with filled circles and
squares, respectively.

In this generality-oriented experiment, the targets are scalarized hierarchically using Chimera'® as
follows: first, the median of the activity fitness score f; of catalyst candidate 7 across the GPS, defined

1 (AGgrrs(2) — x\2 . . L
as fi = exp (—E(%)x) ), a normalized gaussian distribution centered on the target x (-9

kcal/mol, the volcano peak), is maximized. Then, the median selectivity (AAG*neq) across the GPS is
maximized with a 10% degradation margin. Finally, the standard deviations of AAG*nes and median f;
are minimized with a 25% compromise. This experiment differs from the one reported in Fig. 8 by the
order of the first two targets, meaning that we allow AAG*neq to be marginally decreased in order to
improve activity.

Over the course of 47 generations, enantioselectivity increases from AAG*meq = 1.0 kcal/mol to 1.4
kcal/mol, while activity simultaneously improves from AGrrs(2)med = 2.9 kcal/mol to -2.1 keal/mol (i.e.,
closer to the volcano peak of -9.0 kcal/mol). Compared to the experiment reported in Fig. 8, by inverting
the order of priority of the two targets NaviCatGA explores candidates with higher median activity but
lower median selectivity: the top organocatalyst found at the end of the evolutionary experiment lacks
the amide-based template [-C(=O)NR:] which is associated with high generality, as evinced by the
number of reactions in the GPS with AAG* < 1 kcal/mol.
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6.5 Specificity-oriented optimization on GPS reaction 13
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Figure S13. Box-and-whisker chart showing the evolution of AAG* and AGrrs(2) of the top individual
in the HBD population for selected generations (i.e., when the identity of the best-performing catalyst
changes) during a specificity-oriented optimization experiment. Each datapoint corresponds to a
reaction in the GPS, the yellow diamond indicates reaction 13 [2-(5-(benzyloxy)-7-methyl-1H-indol-3-
yl)ethan-1-amine + ethyl 2-oxopentanoate). Outliers and far outliers are indicated with filled circles and
squares, respectively. The optimization targets are AAG* and AGrrs(2) of reaction 13.

Figure S13 reports another specificity-oriented evolutionary experiment performed on the HBD catalyst
space where we wish to simultaneously optimize the activity [AGgrrs(2)] and enantioselectivity [AAG*]
of reaction 13 in the GPS. This Pictet—Spengler condensation features an unprotected f—arylethylamine
(SubA) substituted at the 7-position of the indole ring, which has been found to be associated with low
stereoselectivity due to the disruption of a key non-covalent interaction between the catalyst’s amide O
and the indole N-H (see Figures 10 and 11).

Over the course of 44 generations, AAG* reaches the value of 0.7 kcal/mol, which is slightly higher than
that predicted for the top organocatalyst from generation 32 in the multi-objective, generality-oriented
experiment (0.4 kcal/mol, Fig. 8 and Fig. 10) or for the one from generation 37 in the single-objective
experiment (0.5 kcal/mol, Fig. 9 and Figure S10). Conversely, the catalyst found in this NaviCatGA
run is less general (AAG*nea = 1.6 kcal/mol) than from the Fig. 8 (1.9 kcal/mol) or from the SOO
experiment (2.0 kcal/mol). Despite the improvement in predicted enantioselectivity, this transformation
remains essentially an outlier in the GPS (the yellow diamond corresponding to reaction 13 lies on the
lower whisker of the box plot of generation 44, Figure S13), indicating that HBD catalysts possessing
the amide template [-C(=O)NR:] are ill-suited to impart high stereoselectivity in condensations
involving 7-indolyl substituents. The best organocatalyst from generation 44 features a cyclohexyl urea
motif with an unusual ethylbenzene substituent (also found in the specificity-oriented optimization of
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reaction 11, Figure S9) and bulky substituents (9-anthracenyl, 2,4,6-'Pr-C¢H>) on the amide scaffold.
Correspondingly, the activity of this organocatalyst, both in terms of AGrrs(2)med (7.5 kcal/mol) and
AGrrs(2) of reaction 13 (10.4 kcal/mol) is low, owing to the poor hydrogen-bonding ability of the urea
motif.
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7. Data Availability

Data can be found on the Materials Cloud (https://doi.org/10.24435/materialscloud:z7-ev) and is
structured as follows:

Pictet-Spengler Database DeltaDeltaG.csv: SMILES strings of Cat, Co-cat, SubA, SubB, Solvent,
and corresponding AAG* value of the 820 Pictet-Spengler reactions in the database;
Pictet-Spengler Database DeltaG_Int2.csv: SMILES strings of Cat, Co-cat, SubA, SubB, and
corresponding relative Gibbs free energy of catalytic cycle intermediate 2 (DeltaG_2) of the 703
datapoints in the database of Pictet—Spengler reactions;
Pictet-Spengler Database DeltaG _Int2_Gibbs Free Energies.csv: absolute quasi-harmonic Gibbs
free energies of Cat, Co-cat, SubA, and SubB used to calculate AGrrs(2) (703 datapoints);
Pictet-Spengler Database SRS Gibbs Free Energies.csv: absolute and relative quasi-harmonic
Gibbs free energies of Cat, Co-cat, SubA, SubB, Product, Intl, Int1B, Int2, Int3, TS1, TS2, and
TS3 of the reactions used to construct the TOF-molecular volcano plot (Scaling Relationships Set,
SRS, 44 datapoints);

Pictet-Spengler Database Yield.csv: SMILES strings of Cat, Co-cat, SubA, SubB, and Product of
the subset of 295 reactions with reported experimental yield;

Pictet-Spengler Database tSNE.csv: SMILES strings of Cat, Co-cat, SubA, SubB, and Product of
the 820 Pictet-Spengler reactions in the database, along with the corresponding %ee and AAG*
values, the reaction temperature, time, and percentage yield (when reported), and the dimensions
of the 2D t-SNE plot;

Substrate Scope Combinatorial tSNE.csv: SMILES strings of SubA and SubB for the substrate
scope, along with the dimensions of the 2D t-SNE plot (97729 datapoints); type label 1 =
organocatalytic, 2 = Reaxys®, 3 = combinatorial,;

Substrate Scope GPS tSNE.csv = SMILES strings of SubA and SubB combinations in the
Generality Probing Set, along with the dimensions of the 2D t-SNE plot (50 datapoints).

The XYZ_Structures folder contains the following:

Pictet-Spengler Database Catalysts: DFT-optimized XYZ structures of all catalysts in the Pictet—
Spengler database;

Pictet-Spengler Database Co-catalysts: DFT-optimized XYZ structures of HOAc and BzBr co-
catalysts;

Pictet-Spengler Database Int2: DFT-optimized XYZ structures of all Int2 catalytic cycle
intermediates in the Pictet—Spengler database (703 datapoints);

Pictet-Spengler Database SRS: DFT-optimized XYZ structures of the stationary points along the
potential energy surface of the reactions in the SRS;

Pictet-Spengler Database SubA: DFT-optimized XYZ structures of all SubA in the Pictet—
Spengler database;

Pictet-Spengler Database SubB: DFT-optimized XYZ structures of all SubB in the Pictet—
Spengler database.
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