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Supporting links and supplementary data

RegioSQM is distributed on GitHub under the MIT license
https://github.com/jensengroup/RegioSQM /releases/tag/v1.0.

The SMILES strings, references, experimental EAS sites, etc can be found at
github.com/jensengroup/db-regioselectivity.

The study Kruszyk et al. contained 130 unique reactions. Several reactions had no yields re-
ported and after removing these there are 118 left. These were used to test the performance of
several methods.

As described in the main text PM3/chloroform or PM3/DMF have the highest success rate
(Table S1 and S2) and that proton affinity is a better probe for reactivity than Br cation affinity
at least using semiempirical methods (Table 3).

The high failure rate for PM6 Br cation calculations appears to be due to a strong large at-
traction between Brt and sp? nitrogen atoms, which leads to unphysically short Br*-N distances
and small Br-X-N angles compared to PM3.

One possible reason that newer methods such as PM6 perform worse is that the radii used
in the COSMO calculations were optimized for AM1 and PM3, which means that PM6/COSMO
calculations are less accurate (Table S4).

Table 1: Number of incorrect predictions of regioselectivity by the PM3 method in the gas phase,
chloroform and DMF using a 1 kcal/mol cutoff. A maximum of 20 conformations per isomer is
used.

gas chloroform DMF

incorrect 11 2 2

Table 2: Number of incorrect predictions of regioselectivity by the PM3 method in the gas phase,
chloroform and DMF using a 1 kcal/mol cutoff. A maximum of 20 conformations per isomer is
used.

PM3 AM1 PM6 PM6-DH+ PM7
incorrect 2 8 6 6 7

Table 3: Number of incorrect predictions using a maximum of 20 (“20 H”) and 50 (“50 H”) con-
formers and proton and Bromide cation (20 Br) affinity as a measure of reactivity.

PM3 PM6
20H 2 6
50 H 2

20 Br 4 46



https://github.com/jensengroup/RegioSQM/releases/tag/v1.0
https://github.com/jensengroup/db-regioselectivity

Table 4: Mean absolute error (MAE) and mean error (ME) of aqueous solvation energies computed
using the COSMO method and the MNSOLV data set.
AM1 PM3 PM6
MAE 3.6 3.4 3.9
ME 0 0.5 1.8

Section S2: Table listing numbering used in the paper and

SI.



Table 5: This table lists numbering used in the paper and SI.

Paper SI  Reference

1 [312]
15 [168]
170 [64]
199 [128]
514 [318]
75 [105]
373 [420]
367 [261]
163 [227, 366]
547 [180]
125 [59)
137 [269]
13 [394]
419  [283]
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Section S3: Figure S1 Substituents of the compounds
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Section 54: Figure S2 Compounds sorted into EAS groups
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N) NBS mer, Ig
_/ L L =
N ="
\ . . \
o N
& & ‘ B ,
/ N=
N N o
HO HO g/

235 [52] 245 [63] 246 [63] 251 [415]

73% (3-pos), 11% (5-pos),
91% (NBS) 71% (NBS) 52% (NBS)

NCs



O

254 (38

52% (NBS)



13 2-Pyridones

\0 0
N . ‘ 4
N\ / o ¥ - / . X 0/\
\_7 ) a
N

77 [378] 78 [236]

90% (NBS) 82% (NBS), 93% (NIS)

79 [225] 80 [368]

90% (NBS, NH4NOg) 91% (NIS)

\N o O\\ " a N

81 [187] 82 [381]

96% (NBS) 82% (NBS)

@M @M

213 [99] 214 [99)]

92% (NIS) 75% (NBS), 91% (NIS)

gt S

233 [26] 398 [458]

85% (NCS) 65% (NBS)

83 [155] 84 [330]

70% (NBS) 51% (NBS)

N /)

227 [317] 230 [299]
65% (NBS) 70% (NBS)

/ —
) :

o

NH

226 [369]
% , 34% (2xBr
427 [230] 95% (NBS), 34% (2xBr)
29% (4-Br) + 3% (3-Br)
74% (NBS)

NBS, 76% (5-Br) + 11% (3-

Br)



14 Pyridazines

N N

I‘Q‘N}Q \ am

32 [272] 33 [102]

82% (Bry, NaHCO3) 95% (Brg, NaHCO3)

34 [7]

57% (Brg, NaHCOg3)



15 Pyrimidines

O

25 [198] 26 [56] 27 [93] 28 [113]
100% (NBS, NH4OAC) 51% (NBS) 96% (NBS) 90% (NBS)
\ o N { 721
o N NH N
( H — N ><\ N / / N N
A A !
NH {/
29 [234] 85 [23]] 86 [162] 87 [87]
57% (NBS) 74% (NIS) 98% (NBS) 82% (NBS)

\ —\ /\\\C(\ | /j\

88 [266] 89 [130] 90 [246] 91 [93]
88% (Bro) 59% (NBS) 78% (Brg) 74% (NBS), 87% (Bry)
>N‘t/\N N:<NHz &C&ﬁm
) / A Y
92 340 93 406 94 [406] 96 [360|
91% (NBS) 58% (NCS), 65% (NBS) 72% (NCS), 75% (NBS) 94% (NBS)
| N:/QN?gN 4@
= N N

97 (93] 98 [191] 324 [213] 390 [125]

99% (NBS 86% (NBS 69% (NIS), 79% (NCS) 98% (NBS)
(



s ek Ve
ey K

593 [405] 597 [153]

83% (Brg)
70% (Brg)



16 Pyrimidin-2(1H)-ones

99 [416]

50% (Bry), 84% (Brg)

100 [331]

80% (Brg, KOAc)



17 Pyrimidin-4(3H)-ones

NYNH } fh‘ cl %
SRR &

101 |2 103 [14
[ 93] 102 [355] [ 3]
82% (NCS), 73% (NBS), 97% 74% (NCS), 94% (NBS),
86% (Brg)
(NIS) 100% (ICI, AcOH)

=
105 [70] 106 [446] 594 [133]
92% (Bra) 95% (Bro, AcOH) 93% (NBS)

596 [133]

94% (NCS)

104 [356)]

47% (Brg)

cl

595 [132]

54% (NCS)



18 Pyrazines

ot 8 0D QU
T ton RO AR

)

30 [253)] 31 [129] 49 [21] 107 [439]

98% (NBS) 70% (NBS) 79% (NBS), 78% (NBS) 79% (NBS)

. O\\ Ny JN\ N
ﬁ) \«L V4 p— N =
" >< "~ P
108 [275]
82% (NBS), 5-Br 62% 109 [129] 131 [410] 132 [411]
3,5diBr 12% (NBS), 72%
66% (NBS) 44% (NBS) 75% (NBS), 75% (NBS)

(NBS), 90% (NBS); 83%

(NBS), 77% (NBS)

Bavg N o

133 [412] 134 [50| 135 [129] 192 [68]

30% (NBS) 62% (NBS) 77% (NBS) 77% (NBS)

- / \ W g " N " N:.>

193 [267]

88% (NIS), 88% (NIS), 96% 194 [33] 196 [104] 198 [15]
(NBS), 70% (Bry), 72% 84% (NBS) 84% (NBS), 65% (NIS) 95% (NBS)
(NCS)

199 [128] 200 [184] 201 [128] 202 [161]

70% (NBS) 70% (Brg) 77% (NBS) 72% (NBS)



! N/N\ N NH,
’ ° = N / \N - o
\—gf C j

203 [136]

205 [10] 206 [34] 207 [20]
26%/26% (NBS) two mono-
84% (NBS) 78% (NBS) 74% (NBS)
Br
4& | 5 )
211 [52) 212 [166] 284 [188] 285 [429)
45% (3-Br), 16% (5-Br), 10% 15% (3-Br), 43% (5-Br), 88%
64% (NBS) 80% (NCS)
(3+5-Brg) (NIS), 2xBr 95% (NBS)
T O A
0, NH;
M — NH, O/ N\ N \ N/ N\ N
286 [438] 289 [210] 290 [40] 291 [314]
95% (Bro) 78% (NBS) 97% (NBS) 77% (Brg)
AN N o
g O o8 D
/ N ' =
292 [186] 293 [232)] 195 [218] 209 [10]
76% (NIS), 71% (NIS) 73% (NBS) 81% (NBS) 86% (NBS)

283 [165]

65% (NIS)



19 Pyrazinones

-0

190 [370]
59% (Bra),

phenyl (Brs)

76% also p-

o

197 [108] 204 [23]

77% (NBS) 74% (NBS)



20

4H-Furol[3,2-b]|pyrroles

472 [205]

65% (NBS)



21 4H-Thieno|3,2-b]pyrroles

471 [206]
2xBr 92% (NBS), 67% (96:4)

mono-O over mono-S



22 Imidazo[2,1-b][1,3,4]thiadiazoles

7\ i
O

418 [224]

84% (Brg)



23 Indoles

72
399 [437]
35 [364] 12, 1xI, 3pos, 48%, NCS, 407 [78] 412 [115]
96% (Brg) 1xCl 3 pos, 81% + 2,3-diCl, 95% (NBS) 32% (NBS)
10%

ﬂ%? L0

425 [245] 426 [11]

98% (NCS) 82% (NCS)



24 Benzofurans

/O
-k ot
BN
424 [241] 430 [417] 431 [417] 461 [361]
30% (NCS) 60% (NBS) 70% (NBS) 66% (Bry)
R o
468 [274] 470 1212] 433 [196]

3xBr 76% (Bry),2xBr (243
84% (Brg) 12, 94%
positions), 84% (Brag)



25

Benzolb|thiophenes

423 [241]

70% (NCS)

429 [291]

96% (NBS), 100% (NCS)



26 Indazoles

02

353 [294]

82% (NBS), 60% (NCS)

357 [192]

59% (NBS)

o
N
NH OH

361 [131]

84% (NCS)

o
'O f o—

NH

365 [413]

96% (NBS)

N=——NH

372 [83]

69% (NBS)

B

354 [44]

54% (NCS), 95% (HNO3)

;/

358 [302]

97% (NCS), 82% (NBS)

=
z~
z EE
z
/‘§o
°

362 [353]

90% (NBS)

S

z

366 [131]

98% (NCS)

363 [9]

84% (NBS), 90% (NBS)

&@ /”\

=

\ -\
NH
W

355 [443] 356 [367]
89% (NBS) 91% (NCS)
\j ; S
359 [310] 360 [310]

79% (NBS)

O o

74% (NBS)

364 [440]

90% (NBS)

370 [179]

63% (NBS)

371 [236]

90% (NIS), 82% (NBS)

ﬁf - ’J@A(T A -

374 [298]

77% (NBS)

N

383 [353]

90% (NBS), 84% (NBS), 90%

375 [362]

97% (NBS)
(NBS)



_—NH

ecp VRS b g e rde.

367 [261] 368 [456] 369 [90] 373 [420]

98% (NIS) 5-Br 35%, 7-Br 6% 5-Br 66%, 7-Br 11% 57% (NCS)



27 1H-benzo|d]imidazoles

L g o

N "' \})
377 [250] 378 [250] 381 [328] 382 [75]
58% (NCS) 68% (NCS) 63% (NBS) 99% (NIS)

385 [145] 387 [145] 388 [79)]

72% (NIS) 94% (NIS) 89% (NIS)



28 T-Azaindoles

334 [194]

90% (NBS)

338 [69]

63% (NIS)

342 [334]

98% (NBS)

346 [337]

84% (NBS)

~N s
T o

335 [44] 336 [175] 337 [69)]
NBS 97% (NBS) 100% (NIS)
PN NH i " /N \ — \—/N - M)\?; N,
0 - o
/o O
339 [220] 340 [280] 341 [384]
99% (NIS) 80% (NIS) 80% (NCS)
" N .5, \\/ e U \ s
el ( P NGNS
N/ A\ ! / A W /\ N~ } P
343 [156] 344 [427] 345 [171]
2xBr 49% (NBS), 2xCl 78%
48% (NBS) (nes) 76% (NBS)
/N
\ . Z
S~ A O (s
T (
347 [151] 348 [203] 349 [32]
84% (NBS) 54% (NBS) 80% (NIS)

351 [139]

40% (NCS)



29 6-azaindoles

NH S o
o~ \ w\ 7~ NH \
\ N
\ / N \ _

316 [14] 322 [202] 323 [73] 325 [248]
80% (NBS) 93% (NIS) 52% (NIS) 92% (NBS)
p—— NH / \ . \ @/N S
N ~
326 [248] 327 [154] 328 [423] 329 [116]
78% (NBS) 100% (NIS) 94% (NIS) 90% (NBS)
o~ —o0, o
ACSC D) DYy 8
\ — \ _ o \ _ S NH N
Y " cl N cl N
330 [36] 331 [389) 332 [389) 333 [29]

91% (NIS) 97% (NIS) 88% (NBS) 86% (NIS)



30 5-azaindoles

N\
~p [ S
N = N 2 —

Z—z

317 [419) 318 [409) 319 [37]
86% (NBS) 91% (NIS) 76% (NCS)
N o
NH Z NH/U\O/\
321 [77]

72% (NIS)

7

NH

320 [229]

68% (NBS)



31 4-azaindoles

or N
I N N \(
= = = o
3 A

300 [445] 301 [273] 302 [339] 303 [339]
68% (NIS) 96% (NCS) 83% (NIS) 71% (NIS)
N =N NH 74 A /
/©/ \ % - =~ \ N//\N/ \
Z \ / N \ \N
304 [140] 305 [118] 306 [73] 307 [24]
94% (NIS), 94% (NIS) 94% (NIS) 100% (NIS) 92% (NBS)
B 2 —N
\ 74 A\ N
o< %@L S~~~
\
308 [449] 309 [449] 310 [305] 311 [119]
98% (NIS) 70% (NBS) 73% (NIS) 66% (NIS)
o N/
NH \ NH
— ¥ — ¢
< oS0
. ° z S
312 [31] 313 [335] 314 [389] 315 [142]

89% (NBS), 67% (NBS) 71% (NBS) 95% (NBS) 86% (NBS)



32 Imidazo|1,2-a]pyridines

A |
NPy
9

! I >:
- l:/N N_/ 3

NH N
\__o " N:\

% _

// NH X /

72
N\é‘

170 [64] 172 [432] 174 [284] 176 [160]
100% (NIS) 90% (NIS) 69% (NCS) 98% (NBS)
NH//\O /o
O:N* _‘N ___N N!
”, ‘ A~ g g
177 [197] 178 [375] 179 [375] 180 [375]
98% (HNOg) 79% (NBS) 75% (NBS) 77% (NBS)

J e - -
(N0 00 00

AN

182 [375] 184 [163] 187 [48] 188 [371]
81% (NBS) 83% (NBS) 67% (NBS) 96% (NIS)
N - BN =~ Nm
75 )~ L&
189 [172] 408 [199]

98% (NBS) 85% (NIS)



33 Furo|2,3-b]pyridines

455 [348] 462 [316]

53% (NBS) 54% (Brg)



34 Furo|2,3-c|pyridines

268 [209] 269 [209] 270 [209] 271 [209]
85% (NIS) 67% (NIS) 86% (NIS) 88% (NIS)
SN
LN / o
O o

272 [209] 273 [209] 473 [90] 480 [435]

77% (NIS) 92% (NIS) 90% (Brg) 57% (Brg)



35

Furo[3,2-c]pyridines

459 [57]

86% (Brg)

460 [57]

2xBr 99% (Brg)

482 [404]

12, 68%



36 furo|3,2-b]pyridines

o / \ /\ \
439 [338] 440 [436] 447 [357]
72% (Brg) 43% (NBS) 46% (Brg)
N
—
481 [434]

85% (Brg)

448 (357

51% (Brg)



37 [1,2,4]Triazolo[4,3-a]pyridines

N

143 [262] 150 [122]

80% (NBS) 78% (NBS)



38

1H-Pyrazolo|3,4-b]pyridines

394 [22]

70% (NIS)



39

1H-Imidazo[4,5-c|pyridines

u/
4

T ar
et (’)\

o\

265 [350]

82% (NIS)



40 Imidazo|l,2-a|pyrazines

Ve

38 [200] 39 [301] 40 [53] 111 [82]
86% (NBS), 95% (Bry) 55% (NBS), 59% (NBS) 99% (NBS) 75% (NIS)
el
N / N
@ >~
112 [202] 186 [258]

69% (NBS) 96% (NIS)



41

Imidazo[1,2-c|pyrimidines

175 [392]

75% (NIS)



42 Imidazo|1,2-b]pyridazines

X JOSS
oFo > -

280 [268] 281 [214]

68% (NCS) 95% (NIS)



43 TH-Pyrrolo|2,3-d]pyrimidines

275 [134] 403 [28] 404 [28] 405 [28]

72% (NIS) 78% (NIS) 75% (NIS) 49% (NIS)



44 Pyrazolo|1,5-c]pyrimidines

N\ -
/

36 [193] 115 [279]

87% (Brg) 87% (NBS), 60% (NIS)



45 Imidazo|l,5-a|pyrazines
P i
20 B
</

279 [144] 406 [296]

100% (NIS) 78% (NBS)



46 Pyrrolo|2,1-f][1,2,4]|triazines

S

411 [11]

BrgMeg-hydantion, 100%



47 Oxazolo[4,5-b]pyridines

264 [329]

78% (Brg)



48 Furo|2,3-d]pyrimidines

o

/N\\ \NN\ MN
by SO OO

N

457 [57] 463 [135] 464 [135] 467 [403)

93% (Brg) 68% (NBS) 68% (NBS) 78% (NBS)



49 Furo|2,3-b]pyrazines

-0

487 [2]

80% (Brg)



50 [1,2,4]Triazolo[4,3-b|pyridazines

)
/ ?‘”/N\

/N AT
N N %
\ /
41 [263] 116 [88]

100% (Bra, AcOH), 100%
100% (Bra)
(Brg, NaOAc, AcOH)



51 Pyrazolo[1,5-a][1,3,5]triazines

é)w#%/ g%

113 [374] 114 [374] 117 [418]

41% (NBS) 75% (NBS) 73% (Brg, AcOH)



52 Naphthalenes

oo 8 o8

oH

510 [257] 512 [453] 538 [332]

96% (NBS) 81% (Brg) 98% (NBS)

544 [433]

70% (NBS)



53

Quinolines

o HO, //o — . / \
HO // N
: Q} L 7 /I
b = " U
415 [152] 416 [183] 417 [183]

70% (Brg) 56% (NBS) 95% (NBS)



54

Isoquinolines

NH;

266 [42]

83% (NBS)



55

Quinoxalines

548 [45]

90% (NBS)



56

1,5-Naphthyridines

260 [91]

97% (NBS)



57 Pyrido[4,3-d|pyrimidines

g

"\

396 [92]

85% (NIS)



58 Pyrido|3,4-b|pyrazines

vV N\ g
M

262 [297]

75% (NBS)



59 Furo[3,2-c]pyridin-4(5H)-ones

© NH
\/ A

456 [57]

68% (Brg)



60 Furo|2,3-d]pyrimidin-4(3H)-ones

o] N\ 0, N/

445 [201] 458 [57]

77% (Brg) 84% (Brg)



61 Imidazo[l,2-a]pyrazin-8(7H)-ones

T \

181 [223]

96% (NIS)



62

Thiazolo[5,4-b]pyridin-5(4H)-ones

~ N\ﬁ/{/ Q

585 [74]

84% (NCS)



63 3,4-Dihydro-5H-[1,2,3]triazolo[4,5-b]pyridin-5-ones

267 [36]

91% (Brg)



64 1,3-Dihydro-2H-benzo|d]imidazol-2-ones

) N/ : N/
o= S S O
W X "

376 [147] 386 [309] 389 [354] 384 [35]

2xC1 97% (NCS) 67% (NBS) 37% (NBS) 68% (NCS)



65 Oxazolo[4,5-b]pyridin-2(3H)-ones

\ NH>
/ o

261 [408]

90% (Brg)



66 Quinazolin-4(3H)-ones

[¢]

L A
Lo OO

580 [204] 581 [441]

84% (NBS) 93% (NBS), 76% (NBS)



67

1,7-Naphthyridin-8(7H)-ones

P

263 [221]

80% (NBS)



68 Pyrido|2,3-d]pyrimidin-7(8H)-ones

409 [41]

100% (Brg)



69 2H-Chromen-2-ones

557 [107]

83% (NBS)



Section S5: Figure S3 Screenshot of webinterface



RegloSQM Usage FAQ

Predicting regioselectivity

of electrophilic aromatic substitution
reactions (heteroaromatic systems)

cl(ccecnclN)C=0 Predict

Try it out by pasting a SMILES code from ChemDraw

and submit to get the regioselective prediction. Fx. n1cec[nH]1 for Pyrazole

Figure 93: Screenshot of the RegioSQM webserver. The user simply enters the SMILES string of
a molecule and pressed the Enter key. The SMILES string can be obtained from ChemDraw by
highlighting the molecule and selecting Edit — Copy As — SMILES, which can then be pasted
directly into the web interface.
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