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1 Molecule generation and ground state ener-
gies

Force-field optimised molecules were generated from SMILES strings using the
RDKit1 library.
Subsequently, they were optimised at the PBEh-3c/def2-mSVP2 level of theory.
Frequency analyses were performed to confirm local minima with no imaginary
frequencies. Single point energies were obtained at the revPBE03,4(D3BJ)5/def2-
TZVP6 level of theory. These steps were conducted in the Orca 6.0.17,8 pro-
gram package. This combination of density functional theory (DFT) function-
als was chosen based on an initial benchmark of 1,2-dihydro-1,2-azaborine 1
against coupled cluster singles-doubles-perturbative-triples CCSD(T)9 reference
values where revPBE0(D3BJ)/def2-TZVP//PBEh-3c/def2-mSVP corrected by
the zero point vibrational energies (ZPVE) at the PBEh-3c/def2-mSVP level
performed best. The results of the benchmark are summarised in Table 1.

Table 1: Comparison of revPBE0(D3BJ)/def2-TZVP//PBEh-3c/def2-mSVP
(DFT) with CCSD(T) reference values10

Structure Erel,DFT/kcalmol−1 Erel,CCSD(T)/kcalmol−1

BNB -59.6 -59.3
TS1 21.4 22.2
PF 17.1 17.8
TS2 18.6 19.1
BND 0.0 0.0
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2 Excited states

A full linear response time-dependent DFT (LR-TDDFT) approach was cho-
sen to compute the first three vertical singlet excitation energies which were
computed at the BNB ground state equilibrium geometries of the compounds.
Energies were benchmarked against ab initio vertical excitation energies ob-
tained from the algebraic diagrammatic construction scheme up to third-order
ADC(3)11 with the def2-TZVP basis set (see Table 2). The combination of
ωB97X-D12/def2-TZVP performed best and was chosen for all further excited
state computations. This benchmark was extended for compound 2 (4-CN-5-
OH), which is summarised in Table 3. These computations were performed in
the Q-Chem 6.2 software package13.

Table 2: Vertical excitation energies of 1-BNB with their corresponding oscil-
lator strengths in parentheses

State ADC(3)/eV Full ωB97X-D/eV

S1 4.91 (0.16) 5.17 (0.17)
S2 5.95 (0.05) 6.18 (0.09)
S3 6.39 (0.00) 6.62 (0.00)

Table 3: Vertical excitation energies of 2-BNB with their corresponding oscil-
lator strengths in parentheses

State ADC(3)/eV Full ωB97X-D/eV

S1 4.01 (0.14) 4.07 (0.13)
S2 5.62 (0.02) 5.76 (0.00)
S3 6.11 (0.00) 6.27 (0.00)
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3 Collected data

3.1 Substitution site screening

Either a methoxy or cyano group was substituted at each possible position of
the BNB parent molecule 1. The vertical excitation energies of the first singlet
excited state at the full TDDFT level of theory at their ground state equilibrium
geometries are summarised in Table 4.

Table 4: Substitution site screening of the first vertical excitation energies at
BNB equilibrium structures with a cyano or methoxy group
Position CN/eV OMe/eV

1 4.89 5.07
2 4.99 4.92
3 4.82 4.89
4 4.79 5.29
5 5.14 4.73
6 4.88 4.97

3.2 Compound screening

Table 5: Collected TDDFT vertical excitation energies of the first
singlet excited state S1 and oscillator strengths fosc of the screened
molecules with their spectral separation ∆S1, their storage energies
ES, and push-pull classifier

BNB BND

molecule S1/eV fosc S1/eV fosc ∆S1/eV ES/kcalmol−1 class
4CF3-5H 5.06 0.16 5.79 0.03 0.73 58.4 noM
4CF3-5Me 4.86 0.15 5.75 0.05 0.89 52.8 noM
4CF3-5NH2 4.88 0.16 5.33 0.06 0.45 45.7 push
4CF3-5NMe2 4.63 0.00 4.96 0.10 0.33 44.3 push
4CF3-5OH 4.56 0.14 5.62 0.03 1.07 48.4 push
4CF3-5OMe 4.75 0.15 5.44 0.06 0.69 49.1 push
4CHO-5H 3.76 0.00 3.54 0.00 -0.23 60.9 pull
4CHO-5Me 3.57 0.00 3.59 0.00 0.02 52.0 pull
4CHO-5NH2 3.30 0.09 3.95 0.00 0.64 46.0 p-p
4CHO-5NMe2 3.40 0.01 3.99 0.00 0.59 40.9 p-p
4CHO-5OH 3.48 0.09 3.71 0.00 0.23 57.7 p-p
4CHO-5OMe 3.92 0.09 3.84 0.00 -0.08 47.9 p-p
4Cl-5H 5.20 0.15 5.69 0.03 0.49 58.1 noM
4Cl-5Me 5.02 0.15 5.58 0.04 0.55 54.3 noM

Continued on next page
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Table 5 – continued from previous page
BNB BND

molecule S1/eV fosc S1/eV fosc ∆S1/eV ES/kcalmol−1 class
4Cl-5NH2 5.05 0.15 5.11 0.03 0.06 49.9 push
4Cl-5NMe2 4.52 0.07 4.85 0.06 0.33 48.0 push
4Cl-5OH 4.58 0.15 5.33 0.02 0.75 53.7 push
4Cl-5OMe 4.95 0.14 5.20 0.04 0.25 52.3 push
4CN-5H 4.79 0.15 5.38 0.07 0.59 57.7 pull
4CN-5Me 4.58 0.14 5.34 0.12 0.75 53.5 pull
4CN-5NH2 3.81 0.11 4.96 0.13 1.15 47.0 p-p
4CN-5NMe2 3.96 0.07 4.68 0.18 0.71 42.2 p-p
4CN-5OH 4.07 0.13 5.21 0.10 1.15 52.2 p-p
4CN-5OMe 4.24 0.13 5.07 0.15 0.83 49.6 p-p
4COOH-5H 4.58 0.12 4.96 0.01 0.38 58.5 pull
4COOH-5Me 4.47 0.13 5.05 0.03 0.59 51.1 pull
4COOH-5NH2 3.55 0.10 4.80 0.15 1.25 43.9 p-p
4COOH-5NMe2 4.67 0.07 4.61 0.26 -0.06 41.2 p-p
4COOH-5OH 3.66 0.11 5.13 0.11 1.47 55.5 p-p
4COOH-5OMe 4.41 0.12 4.96 0.13 0.55 43.7 p-p
4DCV-5H 3.97 0.05 4.02 0.31 0.05 54.4 pull
4DCV-5Me 3.89 0.04 4.08 0.50 0.20 47.7 pull
4DCV-5NH2 3.53 0.06 3.48 0.37 -0.04 37.1 p-p
4DCV-5NMe2 3.49 0.06 3.20 0.31 -0.28 40.5 p-p
4DCV-5OH 3.77 0.04 3.98 0.54 0.21 42.7 p-p
4DCV-5OMe 3.84 0.04 3.87 0.60 0.03 42.4 p-p
4F-5H 5.41 0.15 5.85 0.01 0.44 59.8 noM
4F-5Me 5.25 0.15 5.69 0.02 0.44 57.1 noM
4F-5NH2 4.65 0.11 5.22 0.02 0.58 55.0 push
4F-5NMe2 4.71 0.07 4.89 0.03 0.18 52.6 push
4F-5OH 4.85 0.14 5.45 0.01 0.60 58.3 push
4F-5OMe 5.17 0.14 5.34 0.02 0.17 53.4 push
4H-5H 5.17 0.17 5.68 0.02 0.52 59.6 noM
4NO2-5H 4.03 0.00 4.00 0.00 -0.03 59.5 pull
4NO2-5Me 4.16 0.02 4.06 0.00 -0.09 51.8 pull
4NO2-5NH2 3.55 0.06 4.26 0.00 0.71 41.8 p-p
4NO2-5NMe2 4.37 0.00 4.11 0.08 -0.25 39.6 p-p
4NO2-5OH 3.30 0.07 4.12 0.00 0.82 54.7 p-p
4NO2-5OMe 4.28 0.01 4.12 0.00 -0.16 47.8 p-p
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4 Thermal back reaction of compound 2

2-BND   2-TS2 2-PF    2-TS1  2-BNB

Figure S1: Key optimised structures of the thermal back reaction of compound
2.

4.1 2-BND

N -1.62987430677407 0.65910454822546 0.11239829235636
B -1.60481121891966 -0.66979992319667 0.55200737154452
C -0.35241833693474 -0.99123406001591 -0.40656304237654
C 1.00750344447715 -0.59452581910339 0.14114126957436
C 1.98975200792001 -1.31931408681468 0.84374066675243
N 2.78498043908664 -1.93591196011677 1.40726964597970
C 0.86801576976356 0.69841920966021 -0.18918180339924
O 1.61735803083730 1.76587038009862 0.04447622237069
C -0.50252622982680 0.50970873950526 -0.79724017159346
H -2.08982498418967 1.51922533171208 0.35747757231539
H -2.29000496119860 -1.24039027647852 1.33662862170411
H -0.37814022792172 -1.75437509017781 -1.18216159456232
H 1.24659613457182 2.54001648795287 -0.38670735394745
H -0.66660556089128 0.81320651874919 -1.83328569671854
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4.2 2-TS2

N -1.52375116416901 0.96199955875892 0.53488836482675
B -1.59424590397458 -0.54668705728682 0.34377441036662
C -0.30809666669035 -1.25740054520639 0.08072782317166
C 0.97291819257836 -0.54596543188056 0.10636600894318
C 2.22182749318681 -1.04399606137756 0.54457333715010
N 3.25207046959435 -1.41967021769271 0.90160222747876
C 0.68666347495704 0.70859724662084 -0.27763854307123
O 1.36287078225483 1.84246177249793 -0.28696173004782
C -0.76648366777127 0.69909059035928 -0.59253205764317
H -2.42536858349889 1.37822823626349 0.34410142813587
H -2.64389364148334 -1.05002346517618 0.08225723578174
H -0.32315563040494 -2.26608218395357 -0.32610175410077
H 2.21206604934175 1.74176962976436 0.16045507407828
H -1.12342120392076 0.79767792830894 -1.61551182506997

4.3 2-PF

N -1.52127399058083 0.97220550692800 0.51013188125661
B -1.55985136632061 -0.55573601095980 0.12047544438505
C -0.29383126235361 -1.35370888494705 0.17286386000321
C 0.92161034494010 -0.59591310080403 0.10624675054127
C 2.21215554046572 -1.01520467067036 0.51754894189070
N 3.27944802124636 -1.30987606145420 0.83958249359077
C 0.63204920352882 0.67497402268884 -0.29482564277746
O 1.36984650582648 1.76177121296154 -0.26341484299478
C -0.81203906037579 0.78215981798775 -0.64340158971277
H -2.43326890226600 1.39166501006066 0.37277391970697
H -2.62072223936856 -1.00506200364082 -0.18406196830351
H -0.23960666047117 -2.43551061529050 0.09002657601339
H 2.19017690535049 1.61855069622643 0.22779915722998
H -1.15095103962139 0.97967808091353 -1.65671398082943
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4.4 2-TS1

N -1.61033523706126 0.89943741803331 0.35175982149896
B -1.58624474947928 -0.73008002420520 0.27439318919992
C -0.31808549156315 -1.41001264286070 0.16325879847547
C 0.88547315913798 -0.58806446285109 0.09259144401465
C 2.18159377933798 -0.99856668886453 0.50819570185882
N 3.24839208640534 -1.29332075408853 0.83216900754164
C 0.67243726744322 0.67840211871203 -0.28860260028744
O 1.45972818066738 1.76122929273672 -0.28876015793769
C -0.75375495913527 0.99257399397048 -0.61823062411113
H -2.52747735059748 1.27497824638814 0.14365228595005
H -2.70525782877148 -1.11354063348784 0.14518520299132
H -0.22005684762034 -2.48326752431914 0.07876348887122
H 2.27574940336909 1.58634990698731 0.19603145088031
H -1.00216141213273 1.42388175384904 -1.59040700894609

4.5 2-BNB

N -2.27721507429733 -0.00416422546093 -0.00001647257465
B -1.86771243391399 -1.36394411226129 0.00002810450236
C -0.36761914276215 -1.55462556803482 0.00007918859972
C 0.43870314473036 -0.44478083615291 0.00007842559277
C 1.86586215596614 -0.56687842956626 0.00010223237943
N 3.01717732714509 -0.61183471857441 -0.00013510129629
C -0.08373445499075 0.88339808863423 0.00003434942561
O 0.70414738851223 1.97891363163415 0.00004266185024
C -1.43430933202965 1.05984154795364 -0.00001665522726
H -3.25755517224377 0.22841844602199 -0.00005246145995
H -2.69271046110039 -2.22056981315484 0.00001807977160
H 0.11133176768756 -2.52522768986720 0.00012173519089
H 1.63721125089875 1.74302464822244 -0.00002980963990
H -1.86008920880210 2.05373527230622 -0.00005492261457
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5 Conical intersection

A spin-flip TDDFT minimum energy crossing point optimisation was performed
using SF-BHHLYP14(D3BJ)/cc-pVDZ15. Additionally, 2 was optimised at
BHHLYP(D3BJ)/cc-pVDZ for comparison. Subsequently, vertical exciation en-
ergies were obtained at the ωB97X-D/def2-TZVP level of theory. These com-
putations were performed in the Q-Chem 6.2 software package13.

5.1 S1/S0 minimum energy crossing point of compound 2

C 0.0000000000 0.0000000000 0.0000000000
C 0.0000000000 0.0000000000 1.3422460000
O 1.0983672108 0.0000000000 -0.7740087848
H 0.8866486568 0.2440563537 -1.6740348123
C 1.2133667211 0.0052713669 2.0920016498
N 2.1781653173 -0.0001900509 2.7177935015
C -1.3248651534 0.0424550452 1.9509492958
H -1.4299625714 -0.3133273454 2.9676070710
B -2.4463949355 0.4828061738 1.1336385177
H -3.6205480908 0.3666210854 1.3078880581
C -1.3416421613 0.0362925454 -0.6397035975
H -1.5650525416 -0.6645468171 -1.4478332663
N -2.1389333190 1.0387677257 -0.3366921438
H -2.9735133333 1.0707184476 -0.9060230002
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6 Solvation effects

Azaborinines are commonly dissolved in cyclohexane by the Bettinger group.
Hence, the conductor-like polarisable continuum model with parameters corre-
sponding to cyclohexane was employed to estimate solvation effects for com-
pounds 1 and 2. With the above described workflow, storage energies, spectral
separation, and UV/Vis spectra were simulated. A comparison of the results
with and without solvent effects is shown in Table 6. The UV/Vis spectra with
and without solvation effects are visualised in Fig. S2 and S3. Solvation effects
induce minor changes resulting in a slight red-shift, increased oscillator strength,
larger spectral separation, and slightly affected storage energies. This justifies
our screening in the gas phase and our neglect of solvation effects.

Table 6: Comparison of storage energies, first vertical excitation energies of the
first singlet excited state in the BNB form S1,BNB and corresponding oscillator
strengths fosc in parentheses, and the spectral separation ∆S1 of compounds 1
and 2 in the gas phase and in cyclohexane (cy)
Property 1 (gas phase) 1 (cy) 2 (gas phase) 2 (cy)

S1(BNB)/eV 5.17 5.08 4.07 3.97
fosc,S1(BNB) 0.17 0.20 0.13 0.16
Spectral separation ∆S1/eV 0.52 0.58 1.15 1.19
ES/kcalmol−1 59.6 60.4 52.2 50.6

200 220 240 260

Wavelength [nm]

0.00

0.25

0.50

0.75

1.00

1.25

In
te

n
si

ty
[a

.u
.]

1-BNB, gas phase

1-BNB, cyclohexane

Figure S2: Simulated TDDFT UV/Vis spectra of 1-BNB in the gas phase and
in cyclohexane (full width at half maximum=0.1 eV).
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Figure S3: Simulated TDDFT UV/Vis spectra of 2-BNB in the gas phase and
in cyclohexane (full width at half maximum=0.1 eV).
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