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Details of atomic properties used in ACs and AC-AlMs
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Fig. S1 Schematic of a-ACs, rest-ACs, standard ACs and |I-ACs using as a representative model
(Hydrogens are omitted for clarity). In the illustration of a-AC, atoms in the same topological
distance with respect to the selected atom were represented in the same color. The standard
ACs are the sum of a-ACs evaluated for all atoms in the molecule, while rest-ACs are the sum
of a-ACs excluded from the selected set of atoms. In order to obtain the detailed description for
both local and global properties of the Rh complexes, the a-ACs, rest-ACs and I-ACs are
combined to form the feature vector.



Table S1 List of atomic properties A® for molecular Autocorrelation functions (ACs) MPF.

DFT-based single-atom
properties

Element-specific parameters in
GFN2-xTB!

AlM-based atomic
properties

identity (id)
binary ring index (Ring)
nuclear charge (Z)
electron affinity (EA)
ionization potential (IP)
electronic spatial extent in
the atom ((r?))
electronic spatial extent in
the cation ((r2))
electronic spatial extent in
the anion ((r2))
vdw-volume of atom (V)
vdw-volume of cation (V)
vdw-volume of anion (V)
maximum LOL value of the

atom (Ymax)
maximum LOL value of the

cation (Ymax+)
maximum LOL value of the

anion (Ymax-)
distance of maximum LOL
value in the atom (d,__ )
distance of maximum LOL
value in the cation (d, . )
distance of maximum LOL

value in anion (d,__ )

atomic Hubbard parameter (n,)
charge derivative of Hubbard
parameter (I,)
exponential scaling parameters
(aq Y5
anisotropic XC scaling
parameters (f4, fof)
offset radius (R3)

Element-specific shell
parameters of the most outer
shell in GFN2-xTB

polynomial scaling parameters
(k™)
shell-specific scaling
parameters of the Hubbard
parameter (ic})
the constant part of the energy
levels (H})
coordination-dependent
enhancement factors for energy
levels (HéNA)
Slater exponents ({;)

atomic charge (chg)
integration of the norm of
electron density gradient

(J 1vpl)
atomic volume (Vol)
Lagrangian kinetic
energy (Kin)

localization index (LI)

delocalization index (DI)

Except for the feature identity (id), binary ring index (Ring) and the nuclear charge (Z),

all the features in the first column in

Table S$1 were derived from single-point calculations on a single neutral atom, as well

as its cationic (+1) and anionic (-1) states, using the DFT approach. All calculations

were carried out using the wB97XD functional’> and def2SVP basis set.®> Further

analysis of the electron densities was conducted, utilizing the Multiwfn* software to

generate the atomic properties. The isolated atomic properties used to construct the

ACs in our study include the following:

1.

Electron affinity (EA): This is defined as the energy difference between the neutral

atom and its cationic state.

lonization potential (/P): This is defined as the energy difference between the

neutral atom and its anionic state.

Electronic spatial extent (%) of an atom is defined as follows:

(r?) = jrzp(r) dr.

(1)

Vdw-volume of an atom V is defined as the space bounded iso-surface of the

electron density, where p(r) is 0.001 a.u.:




V= f 1dr. (2)
p(r) >0.001 a.u.

The above two atomic properties (r?) and V are two distinct ways to a measure of the
spatial distribution of electrons. Furthermore, information of the localized orbital locator

(LOL)® is also incorporated, which is defined as:
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where the numerator in t(r) is proportional to the kinetic energy densities under the
local density approximation, whereas the denominator is the non-interacting Kohn-
Sham kinetic energy density. The vicinity of the maxima point of LOL value in the
atomic system is associated to the atomic shell that accumulate electronic charge,
which might play an important role in the bond formation. Therefore, we selected two
characteristics from this function, the maximum of LOL value v,,,, and the distance
of the maximum LOL value from the nuclei d, _ (see Fig. $2), as the atomic
properties to construct the ACs. Furthermore, the (r?), V, ym,c and d,_ . of the
cation and anion states of the corresponding elements were also used to construct the
ACs.
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Fig. 82 The illustration of the localized orbital locator (LOL) function y of Rh atom. The
distance between the maximum point of y and the nucleus is defined as d

Ymax"*

In addition to the DFT-based isolated atomic properties, the element-specific xTB
parameters were also used as the atomic properties (second column in

Table S1) in our study to construct the ACs. All the element-specific parameters are
well-detailed in the original GFN2-xTB paper' as well as the corresponding supporting

information.



The atomic properties calculated using AIM theory® 7 were also employed to construct
the feature sets AIM-ACs in our study. Properties include the atomic charge chg(Q),
atomic volume Vol(Q), the integral of gradient norm of the electron density within the
atomic basin [ |Vp|(Q), the Lagrangian kinetic energy Kin(Q), the localization index
LI(Q) and the delocalization index DI(Q). For a comprehensive understanding of
these AIM-based atomic properties, readers are referred to ’ and the user manual of
Multiwfn*.
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Fig. S3 (a) Selected atoms in reactant and intermediate for calculating the a-ACs. (b) Building
blocks for the calculation of I-ACs. (c) Notation of the AC and AIM-AC features.



Table S2 Dimension and the feature dependence of AC-, AIM-AC-, SOAP-based features before and after dimensionality reduction, as well as root-mean-
squared error (RMSE) evaluated on the test set (validation set in parentheses), R? evaluated on the test set and hyperparameters of optimal Agll-models and
AR-models. Both types of models were trained in the framework of artificial neural network (ANN) using the features after the dimensionality reduction.
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Table S3 Comparison of the performances of artificial neural network (ANN), XGBoost, CatBoost models trained on ACs (dh.x = 7), AIM-ACs (d,.x = 3) and
SOAPs for AE'ppr, as well as the models trained on ACs (dp,.x = 1), AIM-ACs (d .« = 9), SOAPs and xTB-SOAPs for AEppr.
ANN XGBoost CatBoost ANN XGBoost CatBoost
AE'xtp = AE'ppr RMSE/ | . | RMSE/| L. RMSE / - Ayt = AEppr RMSE / - RMSE / " RMSE / "
kJ mol’! kJ mol’! kJ mol! kJ mol’! kJ mol’! kJ mol’!
ACs (dyay = 7) 14.2 145 13.6 ACs (dypay = 1) 12.7 13.3 13.3
o(R,R) (47) | 0845 | (457) | 0839 (15.5) 0.857 o(R,.Ry) (132) | 0723 (13.2) 0.69%8 (13.4) 0.697
AIM-ACS (dpax = 3) 10.6 12.4 12,5 AIM-ACs (dmax = 9) 10.4 11.0 1.0
0.913 0.882 0.880 0.816 0.793 0.791
U(RDFT,rIRxTB,rI RxTB,i) (10.6) (12.8) (12.8) G(RDFT,r' RxTB,rrRxTB,i) (10.3) (11.6) (11.5)
SOAPs 13.0 13.0 13.2 SOAPs 10.3 1.5 1.5
0.871 0.869 0.866 0.819 0.774 0.773
o(Ropr,r, Ryrs,) (11.4) (13.2) (13.1) o(Rpprr Ryrsr Ryrsi)|  (8.7) (11.4) (11.4)
XxTB-SOAPs 1.1 1.7 1.9
- 0.789 0.766 0.756
o(Ryrp.r, Ryrs;i) (9.6) (1.7) (11.6)




Details of Smooth overlap atomic positions (SOAPs) for
describing the reactant-intermediate pairs

SOAPs? are a type of position-based features that describe the atomic environment of
the selected atoms. The SOAP feature describing a molecule could be generated by

combining atomic SOAPs of a selected set of atoms, as illustrated in Fig. S4. In our

study, the SOAP features of a single atom « is represented by a vector, whose entries

8 *
pfﬁf ()=m ;21 n 12(0511"1 Cf’zzm)' (4)
m

where Z; and Z, denote the atomic species, n and n’ are indices for different

are defined as:

radial basis functions and [ is the angular degree of the spherical harmonics. The
coefficient cZ,,, is the measure of the atomic density of kind Z evaluated on the

spherical harmonic Y;,,(68, ¢) and radial basis g, (r) functions,
im(@ = [[] 4V gn@I¥in(0,0) 97, (5)
R3

where p?(r) is the gaussian smoothed atomic density of kind Z around the specified

atom «, defined as

G |r-R)?

pi(r) = Z e 2072 (6.)

J

where r is the relative position with respect to atom a and R; is the relative position
of environmental atom j with respect to atom «a. n; is the total number of atoms of

kind Z in the molecule.

SOAPs of Rh  SOAPs of CI

[ B

SOAPs of P,  SOAPs of P,

SOAP vector of ri-pair o = o(R,, R;)

i 1 |
F T 1

SOAP vector of reactant SOAP vector of intermediate

Fig. S4 Graphical illustration of the SOAP vector of a reactant-intermediate pair. Hereby the
feature vector ¢ depending on R, and R; is used as an illustrative example.



The Building Blocks of Ligands
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Fig. S5 Selected residual groups (R) and linkers (L) that define the region of chemical space
associated with bidentate phosphine ligands. The chemical space of the ligands is constrained
so that at most two different residual groups R1 and Rz are allowed in one ligand with each
phosphorous atom possessing both R+ and Rz. The distribution of building blocks in training and
test set (in parenthesis) are also provided. The high fraction of the o-xylene unit in the linker is
due to the inclusion of the related conformers. R and L were selected in such a way to ensure
a realistic synthetic pathway to the optimized bisphosphine ligands.



Results of A2-model trained on ACs with d.x = 1
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Fig. S6 (a) Parity plots between the prediction values and the true (DFT) value of the best AP -
models trained on ACs (d.x = 1). (b) The corresponding feature importance analysis.

Detailed description of the two-step high-throughput

screening using AP-model trained on xTB-SOAPs

The overall process is illustrated in

Fig. S7 (a), encompassing a preliminary screening without conformer search and a
subsequent refined screening with conformer search. In the preliminary screening,
27,832 distinctive asymmetric prototypic complexes Rh(PLP)(Cl)s were generated by
combinatorically selecting different L linkers and R residues as the ligand building
blocks. The corresponding 4-coordinated reactants and 6-coordinated intermediates
were then derived through the substitution of the Cl ions. Features, including SOAPs
and the baseline value AE,rg were evaluated using the xTB-equilibrium structures of
reactants and intermediates. Subsequently, the AEppr of these 27,832 reactant-
intermediate pairs were estimated by AE),, derived from the trained A2-model using
the SOAPs and AE.tg as inputs. It is worthy noting that the reactant and intermediate
geometries obtained in the preliminary screening might be energetically far away from
the global minimum in their conformer space, the population of which is insignificant in

the equilibrated reaction system. Therefore, a subsequent screening procedure with a



conformer search was conducted on a selected set of 60 reactant-intermediate pairs
with the lowest predicted reaction energies (as highlighted in red in

Fig. S7 (b)). In the refined screening, the corresponding prototypes of those 60
reactant-intermediate pairs underwent a conformer search using CREST. A set of the
conformers of reactant and intermediate was generated by substituting Cl ions of the
prototypic conformers of the same complex. The features, including SOAPs and AEy1g
of the corresponding reactant-intermediate pair, were obtained from the intermediate
and reactant with the lowest energy at their xTB-equilibrium geometries in the
conformer set. The AEppr of the reactant-intermediate pairs at their optimal
conformational structure were estimated once again by the AEy, as highlighted in red
in

Fig. S7 (c).



(a)

/ xtb optimization SOAP generation
(RN —_ = R —
{ one
‘" co 4“ P
19 prototype ® o é o xtb optimization +
generation P T Cl substitution most stable conformer
—_— L — L 0
® o —>»  trained
62 @ Q @H " xtb optimization A-model
(P\ [ ! » SOAP generation
RA,
R ‘\:I‘co o gl B 0000
é xtb optimization + 'r% L
most stable conformer % in
5 i
200 B
200
Q @ 150 150 -
Tf cl
f (g 100
Two-step screening approach [\P,Flh o H AEpe prediction | _ 10 .
- - % o Cl 5 .
o s T, | 3
. prototype l; ‘ EE ;gg
rough screening conformer search 3 4 \
— -50
: Yy toush sereening 100 raugh scraaning
screening with conformer search 150 + selected for fine screenig screening With conformers
» ) T T -150 T T —
o0 0 100 150 200 250 300 -50 o 50 100 150 200 250 300
prototype selection 25+ ™" Ay !k ol
(b) (c)
200 200
150 — 150 —
100 — 100 —|

50 —

o
o
|

.

AE,rs 1 kJ mol™
=
[
e S,
AE, g / kJ mol”
o
‘ 1
)
%
[ ]

-50 — -50 —
100 - s rough screening 100 — rough screening
B # selected for fine screenig g screening with conformers
L B B B B B B S B R B B B
50 0 50 100 150 200 250 300 50 0 50 100 150 200 250 300
AEy I kd mal” AEy 1 kJ mol™

Fig. S7. (a) The illustration of two-step screening procedure. In the rough screening step, the
corresponding reactant-intermediate pairs were obtained by substituting the Cl ions from the
prototypes featuring different ligands. SOAPs and AE,;g of the reactant-intermediate pairs
were obtained from the xTB-equilibrium structures of the reactants and intermediates. Utilizing
these features as input of the trained AR-model, the AEy; were obtained as an estimation of
the AEppp of the reactant-intermediate pairs with varying bidentate phosphine ligands. The fine
screening procedure was employed on the selected set of reactant-intermediate pairs with low
AEy;.. Except for an additional conformer search on the corresponding prototypic molecule
Rh(PLP)(Cl)4 and the selection of optimal structures for reactants and intermediates, other
procedures remained identical as in the rough screening procedure. (b) Scatter plot of the AEy;,
versus AE,pg evaluated on 27,832 data points obtained from the rough screening process.
Data points highlighted in red were selected for the fine screening. (c) Scatter plot (highlighted
inred) of the AEy,;, versus AE,pg evaluated on 60 data points obtained from the fine screening
process.



Statistical Analysis of Geometric and Electronic Factors for

DFT-optimized Equilibrium Structures

The analysis was done using R (4.3.1).° First, the DFT-calculated equilibrium
structures for the complexes [Rh(PLP)(CO)(CI)] were read in including the xyz
coordinates, the Mullikan charges g, the vibrational frequencies, their IR intensity and
Raman activity, the dipole moment u as well as the HOMO and LUMO energies
Eyomo and Epymo- From the xyz coordinates the two Rh-P distances dg,p; and
drnp2 Were calculated, while the vibrational frequency v(CO) as well as the IR
intensity I1g(CO) and Raman activity agraman(CO) for the CO vibration were extracted
from the vibrational data. The HOMO-LUMO energy difference AEgomo-Lumo Was
derived from the two frontier molecular orbital energies. Using the R packages dplyr
(1.1.2),"° stringr (1.5.1)," htmlITable (2.4.2),'? gtools (3.9.5)"® and reticulate (1.34.0)'
as well as the python package morfeus (0.7.2),'® the cone angle 0, the bite angle S,
the (buried) Sterimol parameters (buried) B1, B5 and L, the solvent accessible
surface area and volume SASA and SASV for the entire complex and the volume for
the Rh atom SASVg;, the solid angle cone angle Q, the %buried volume %VBur, the
total buried volume VBur, the distal volume DisV, the eight octant volumes OV, _g, the
two hemisphere volumes HV; and HV, (all centered on the Rh atom, with the z-axis
defined as the direction from the Rh atom to the mean position of the two P atoms and
using a sphere radius of 3.5 A), the pyramidalization P and pyramidalization angle «
for the two P atoms were calculated. Furthermore, the xyz coordinates were used as
input for xTB calculations to access the Fukui parameters f*, f~and f° for Rh and
the two P atoms as well as the ionization potential IP, electron affinity EA,
electrophilicity w, nucleophilicity N, electrofugality vgjepuc, @and nucleofugality vyycruc
of the entire complex. In total 59 structural factors were derived.

To judge if a significant difference between the original dataset with 1743 data points
and the ten newly proposed structures was present a two-sided t-test was performed
for each factor. A significant difference was assumed when the p-value of the t-test was
below 0.05, which is equivalent to a certainty of 95 %. This led to the identification of
20 significantly different geometric and electronic factors between the two datasets
(see Table S4).



Table S4. Geometric and electronic factors from the original and the newly proposed
bisphosphine set derived for the corresponding complexes [Rh(PLP)(CO)(CI)]. In addition to
the p-value of the t-test the mean (u) and the standard deviation (o) for both datasets are also
given. The significance is judged on a threshold of 0.05.

Factor p-value  pg Hnew Oori Ohnew Significant?
Buried B5 /A 1013 733 779 063 008 TRUE
qrn / au 104 -0.35 -0.32 0.05 0.02 TRUE
g /au 104 -041 -045 0.07 0.03 TRUE
fr2 103 -0.04 -0.03 002 0.01 TRUE
p /D 103 833 676 172 1.02 TRUE
I1g(CO) / km mol™ 103 863 809 75 37 TRUE
qp; | au 103 020 0.22 0.03 001 TRUE
apy | ° 103 6.83 7.19 047 025 TRUE
Pp; 103 0.88 091 0.04 0.02 TRUE
Py, 103 0.89 092 004 0.02 TRUE
B5 /A 103 837 962 143 094 TRUE
py | ° 103 701 731 042 025 TRUE
QRraman(CO) / A% amut 0.01 60 52 69 6 TRUE
HV, /A3 0.01 79 75 5 3 TRUE
drnp2 | A 0.01 1.87 173 024 015 TRUE
%VBur 0.02 052 049 0.05 0.02 TRUE
VBur /A3 0.02 93 89 10 4 TRUE
oV, /A3 0.04 345 233 239 146 TRUE
v(CO) /cm?t 0.04 2161 2171 19 13 TRUE
ovs /A3 0.04 19.7 180 2.3 2.3 TRUE
qa/au 0.05 038 033 012 0.07 FALSE
79, 0.05 -0.06 -0.05 0.03 0.01 FALSE
VEleFuc | €V 0.05 0.14 0.08 016 0.08 FALSE
n/° 0.06  186.3 1814 149 7.3 FALSE
n/G 0.07 053 051 0.06 0.03 FALSE
B/° 0.07  90.27 9297 8.03 4.12 FALSE
SASA / A? 0.07 774 834 145 91 FALSE
qc | au 0.08 033 029 0.12 0.06 FALSE
fo. 0.09 -0.05 -0.05 0.02 0.01 FALSE
oVg/ A3 0.11 195 179 24 2.8 FALSE
Buried B1 /A 0.12 490 460 070 056 FALSE
Exomo ! kJ mol™ 0.17 -718  -734 38 33 FALSE

ov, /A3 0.20 3.52 457 242 239 FALSE




fe2

AEyomo-Lumo / kJ mol™

o1
SASVg;, | A3
[rn
fi
SASV / A3
oV, /A3
fin
EA |eV
VNucFuc / €V
w
fr
DisV /A3
IP [ eV
N eV
dgnp1 /A
B1 /A
0/
Buried L /A
oV, / A3
HV;
L/A
oV, | A3
oV, / A3

ELUMO / kJ mol?

0.20
0.22
0.22
0.22
0.22
0.22
0.25
0.28
0.29
0.31
0.38
0.44
0.46
0.48
0.49
0.49
0.54
0.55
0.62
0.65
0.73
0.73
0.76
0.85
0.88
1.00

-0.07
734
-0.08
3.73
-0.09
-0.08
1453
3.47
-0.02
1.91
9.74
2.05
-0.07
482
7.69
-7.69
1.82
5.19
224
7.11
3.45
13.89
7.86
19.67
19.75
16.1

-0.06
750
-0.07
4.86
-0.09
-0.07
1531
2.92
-0.01
2.07
9.92
2.15
-0.07
504
7.77
-1.77
1.84
5.02
227
7.20
3.68
13.50
7.96
19.50
19.88
16.1

0.04
42
0.03
3.37
0.02
0.04
311
2.36
0.03
0.64
0.81
0.51
0.02
153
0.44
0.44
0.23
0.92
15
0.74
2.34
6.36
1.21
241
2.37
55.7

0.03
37
0.02
2.71
0.02
0.03
195
1.48
0.01
0.45
0.60
0.38
0.01
92
0.33
0.33
0.10
0.88
16
0.57
2.00
3.30
1.00
2.68
2.72
43.6

FALSE
FALSE
FALSE
FALSE
FALSE
FALSE
FALSE
FALSE
FALSE
FALSE
FALSE
FALSE
FALSE
FALSE
FALSE
FALSE
FALSE
FALSE
FALSE
FALSE
FALSE
FALSE
FALSE
FALSE
FALSE
FALSE




Table S5. Details of the ten reactant-intermediate pairs with lowest AE); selected from the
two-step screening procedure, including the Reaction Energy (AEpgr, target value), Activation
Energy (AEéFT), and the energy difference between the 6-coordinated intermediates with
hydride located at equatorial position compared to hydride located at axial position, denoted as
Isomerization Energy. For most structures of the intermediates, the isomer with hydride at the
axial position is more energetically favorable. For structures of L1-L10 see Table 1.

Reactant- Reaction Energy  Activation Energy Isomerization
intermediate pairs  AEpg; (kJ mol) AE} .. (kJ mol™) Energy
(kJ mol)
L1 21.9 93.7 -47.3
L2 442 126.3 32.3
L3 19.8 89.0 -66.1
L4 36.2 114.9 0.7
L5 254 99.0 -37.4
L6 41.3 119.2 -22.3
L7 271 120.0 -43.1
L8 31.5 105.3 -33.5
L9 38.2 110.1 -36.9

L10 46.7 106.1 -17.2
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