Supplementary Information for:

DFT Calculations of >’P NMR Chemical Shifts in Palladium Complexes

Svetlana A. Kondrashova, Fedor M. Polyancev, Shamil K. Latypov*

Arbuzov Institute of Organic and Physical Chemistry, FRC Kazan Scientific Center of RAS,
Kazan, Tatarstan 420088, Russian Federation

S1



TABLE OF CONTENTS pages

CALCULATIONAL DETAILS ...ttt ettt ettt et e et e st e et e estasseesseeseesseenseassaaseeaseaasesseenseesteeseenseanseeeeenseenseaseenseenseeseenseemseeseenseenseeseenseenseaseenseenseeneenseensesneenseanses 3
Figure S1. Complexes based 0N G-AONOT IIGANAS. ........ciiiiiiiiieiiii ettt ettt e et e et e e eteeeetteeessaeeeesseeeasseeessseeaasseeansseesnsaseansseeansseensseeansseeessaeassseesnsseeensseesssenennseeenns 4
Figure S2. Charged complexes based 0N G-AONOT LIZANAS. .........coouiiiiiiiiieiii ettt et e st e e bt e e tteesbeesabe e seesabeesseaasseenseeesseenseeasseanseesnseenseassseensaessseenseesssesnseennseans 4
Figure S3. CompleXes CONtAINING P=O) GIOUPS. ....ecuieruiiiiiiiiieeitetieeie et e ettt et e et erteestteesteeataeeaseessteasseaasseenseeasseasseeassesaseessseanseaasseenseeesseanseansseanseessseenseaasseensaensseanseanssesnseessseans 5
Figure S4. Complexes based on T-AONAtING [IZANAS. ........eiiiiiieiiie ettt et e et e e et eeebeeessaeeeesteeeassee e sseeeasseeassseeassseeassseeassaeeassseansseeenssasassseesnsseesnsseessseeesnseennns 5
Table S1. Experimental and calculated *'P NMR shifts (ppm) fOr all MOAE] COMPIEXES. .........evveeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeseeeeeseeseesesteeseseeesesseseeeeseeesessesseseeseesseseeeeas 6
Table S2. Empirical scaling factors obtained by the linear regression analysis of calculated and experimental 5°'P for the title Pd-complexes. ............ccoovvvrrreererrrereennen. 9
Table S3. Triplet-singlet states energy gap (UPBE0/6-31+G(d)) for the "training" set of Pd complexes (2, 9, 17, 22-23, 26, 28-30, 32, 38). ......coeevirieneniniereeenene 10

Table S4. Experimental and calculated (by different combinations) >'P NMR shifts (ppm) for the "training" set of Pd complexes (2, 9, 17, 22-23, 26, 28-30, 32, 38).... 1
Figure S5. Correlation of calculated (PBE0/{def2-TZVP; Pd(SDD)}//PBE0/{6-311+G(2d); Pd(SDD)}, scaled) vs experimental *'P CSs for palladium complexes 1-
39. Complexes based on c-donor ligands (®), charged palladium complexes based on 6-donor ligands (®), complexes containing P=O groups (e are the P = O

phosphorus, e are other phosphorus atoms in this type of complexes) and complexes based on m-donor 1igands (®). .........coceeveiiiriiniiiiiiineee e 13

REFERENCES ... ..ottt ettt et et e et e bt e et e e e e e s et e e s e e e as e e b e e e as e e st e e e et et e e e as e eat e e sas e e s e e ean e e bt e s ae e et e e eaeeeaseeeaseeaseesaneemneesaneenneesaneenneesnneennees 14

S2



CALCULATIONAL DETAILS

The quantum chemical calculations have been carried out within the framework of the Kohn Sham density functional theory [1] with the Gaussian 03 [2] (Revision
B.04) and the Gaussian 16 [3] (Revision A.03) software packages by using PBEO [4] functional and a number of families of basis sets (Pople's [5-12], Ahlrichs's [13-15],
Dunning's [16-17], Jensen's [18-20]). For the Pd center was used the quasi-relativistic Stuttgart-Dresden ECP28MWB with corresponding (8s7p6d)/[6s5p3d] GTO
valence basis set [21] (denoted as "(SDD)"), Sappo-ro-DKH3-DZP-diffuse [deprecated] basis set [22-23] and def2-TZVPD basis set [24-25]. Wherever possible,
geometry optimization was started from X-ray structure. For most of the complexes the calculations were carried out for all possible conformers/isomers and results for
the lowest energy forms were used in analysis. To take into account the medium effects, calculations were also carried out in the framework of Polarizable Contin-uum
Model [26] (denoted as "PCM") with chloroform as solvent. To determine the energies of triplet states geometry optimizations were performed at the spin-unrestricted
formalism (UPBE0/6-31+G(d)). *'P NMR CSs were calculated by the GIAO method [27]. All 3P data was referenced to H3PO,.

The pc-2, def2-TZVP, def2-TZVPD and Sapporo-DKH3-DZP-diffuse basis sets were downloaded from the EMSL basis set library for Gaussian package [28].

The Gaussian 03 calculations were carried out on a PC with IntelCore 17-3970X CPU, 3.5 GHz. Calculations with 6-311+G(3df), pc-2, cc-pVTZ, def2-TZVP, and
Sappo-ro-DKH3-DZP-diffuse [deprecated] basis sets were carried out with the Gaussian 16 on 20 CPUs, IntelXeon ES-2650 2.20 GHz.
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Figure S1. Complexes based on 6-donor ligands.
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Figure S2. Charged complexes based on o-donor ligands.
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Figure S4. Complexes based on n-donating ligands.
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Table S1. Experimental and calculated *'P NMR shifts (ppm) for all model complexes.

Calculated
. - S 2a - -
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1 455 225 296 297 339 271 361 437 381 29
2 3150 150 232 142 208 120 228 281 242 30
3 3.7 2.0 8.8 3.0 6.4 0.1 122 123 101 29
4 26| -14.0 14 -142 3.1 -133 0.5 22 2.8 30
5 13| -17.6 45  -144 32 -175 3.2 -1.4 2.1 30

04| -18.1 49 215 92 245 93 -9.0 -8.8
6 09 -19.1 58  -186 68  -21.9 7.1 -5.6 5.8 30

99| 276  -130 273  -141  -307  -148  -13.1  -125
7 13 =201 6.6  -19.1 72 233 8.3 -8.4 83| 30
8 11.2 6.3 5.1 3.2 6.2 4.4 8.4 6.1 46| 29

200 231 301 309 349 255 347 360 312
9 123.0] 1213 1135 1430 1292 1202 1182 1339 1184 31

18.5 170 249 181 241 13.8 244 300 259
10 9.2 9.4 2.5 75 2.6 -6.9 6.2 3.7 25| 32
11 334 307 365 369 399 291 379 420 366 33
12 29| -17.1 4.1  -18.0 63 -174 3.1 8.4 83| 34
13 35| -177 46  -149 3.7 =209 6.2 2.0 1.0 | 35

1723 ] 1833 1662 1667 1492  180.7 1715 2000 1772
14 652 606 620 602 596 568 623 721 633 30
15 90| 152 234 149 214 150 255 265 228/ 30
16 4421 341 394 396 422 313 398 478  41.7| 36

093] 992 948 1095 1011 963 971 1140  100.6
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-12.8 -26.1 -11.7 -23.6 -11.0 -28.7 -13.0 -13.6 -12.9

35 123.7 121.0 113.3 106.8 98.8 115.8 114.3 128.4 113.5 | 45
21.4 9.0 18.1 9.8 17.1 7.3 18.7 22.9 19.6

36 50.5 49.0 52.1 35.6 38.9 45.1 52.0 57.4 503 | 46
22.7 12.4 21.0 13.6 20.3 10.7 21.7 25.1 21.5

37 32.0 22.1 29.2 9.3 16.7 17.3 27.5 30.7 26.5| 47
24.8 15.2 234 15.9 223 13.7 243 29.3 253

38 343 20.5 27.9 31.5 35.4 20.4 30.2 34.6 30.0 | 47
41.0 259 325 27.3 31.9 23.1 32.6 39.2 34.1

39 1.7 -4.0 7.1 -24.5 -11.7 1.5 13.6 14.4 12.0 | 47
52.1 33.4 38.8 36.6 39.7 32.1 40.5 47.9 41.8
R’ 0.9535 0.9535 0.9447 0.9447 0.9627 0.9627 0.9720 0.9720
RMSE 13.8 8.9 14.2 9.8 13.6 8.0 10.8 6.9

“corrected by using the factors for empirical linear scaling obtained by the linear regression procedure for the title Pd-complexes.
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Table S2. Empirical scaling factors obtained by the linear regression analysis of calculated and experimental °'P for the title Pd-complexes.

Level of theory R’ Slope Intercept RMSE
PBE0/6-311G(2d,2p)//PBE0/6-31+G(d) 0.954 1.1766 -12.297 8.9
PBE0/6-311G(2d,2p) (PCM)//PBE0/6-31+G(d) (PCM) 0.945 1.1881 -10.561 9.8
PBE0/6-311G(2d,2p)//PBE0/6-311+G(2d) 0.963 1.1346  -13.8962 8.0
PBEO0/def2-TZVP//PBE0/6-311+G(2d) 0.972 0.9297 1.1235 6.9
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Table S3. Triplet-singlet states energy gap (UPBE0/6-31+G(d)) for the "training" set of Pd complexes (2, 9, 17, 22-23, 26, 28-30, 32, 38).

Compound E, kcal/mol

38 38.9
9 38.9
17 46.6
2 51.7
22 46.1
23 44.9
26 40.9
28 -

29 35.8
30 35.6
32 67.6

“ triplet state does not correspond to energy minima.
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Table S4. Experimental and calculated (by different combinations) >'P NMR shifts (ppm) for the "training" set of Pd complexes (2, 9, 17, 22-23, 26, 28-30, 32, 38).

Calculated
Combination
@)
SE 9 AN
Q QA oA
O ON 04
= = = = = =~ 4 18 iz P P ~ X X X =
= ~ =~ _ =~ _ ~ A~ o~ —~ - = A — M e = = = N = o o o
T £ |98 88 8% &8 38 82 32 32 72 J2 2 £8 £8 _E £&8 dny dn & &% 5% 3w
B S 80 8% 8% 90 Z5 L3 L% <2 £EY® o0 KNG K% 535 R[N g8 385 8q 8N S 0 =8
2 .= ¥ X T & X ©OX T 22 22 28N =2F 5T =¥ =HfX [{F BT F3a Fa & T QAN =+ =75
§ 3 |95 Sz S5 Yz Iz S- &5 &3 9 §z 2- 4o 4= Pz 48 Sy S8 98 Sga pEoem ag
| — o & = U 151 - — — — — QA 9
O 4 |3 3¢ 3¢ 3¢ ¢ 3¢ 88 88 Sz °g ¢ 8z 3¢ g 83 3° 3° § g§°® 38 83
N} N} ) ) NS © ) é G 5 M © ) © N}
) - =
2% g% 9.
el E o X A
31.5 150 223 25.8 12.0 21.8 253 14.8 1.3 -4.0 13.7 272 31.3 28.1 -37.8 303 124 222 250 242 -582 3.2 -3.9
9 1230 121.3 1294 1335 1202 131.8 132.0 1246 111.7 1123 123.1 1319 1352 1339 754 1338 1192 1289 138.0 130.5 68.9 112.5 109.C
18.5 17.0 243 27.8 13.8 240 258 17.6 228 217 7.4 334 319 30.0 -46.8 31.0 144 235 254 249 -66.4  -1.5 -6.9
17 50.6 | 38.0 534 57.8  44.1 56.2 564 479  49.1 472 373 64.2 64.2 61.8 -8.9 629 447 54.2 55.8 552 -32.8 285 22.6
446 | 264 354 39.8  26.1 36.7 384 293 282 279 275 41.3 437 414 -339 426 257 35.8 37.7 373  -58.0 17.6 10.8
-499 | -582 -52.0 -473 -612 -51.7 -49.0 -57.6 -62.8 -683 -522 447 -46.6 -48.6 -122.8 -48.6 -63.6 -53.6 -50.1 -51.0 -150.8 -642 -71.3
38 343 | 205 31.5 344 204 330 248 252  49.0 924 230 28.0 285 346 -334 28.7 22,6 259 27.0 246 52.4 11.4 15.7
41.0 | 259 320 36.6  23.1 34.8 359 263 17.8 134  26.0 39.1 419 392 -0.8 409 233 33.5 35.2 346 -55.4 387 8.5
22 83.1“] 952 967 1044 845 944 937 889 90.0 932 85.4 92.2 95.0  96.0 76.7 94,6 1047 959 94.3 934 119.8 85.6 89.1
36.5 149 23.0 262 134 256 263 16.8 12.0 9.5 134  28.1 34.1 31.2 -39.5 328 12.3 23.3 25.3 249  -40.2 2.5 -3.9
426 | 37.0 436 484 342 460 46,6 379 343 32.0 343 494 523 499 -199 513 36.1 44.5 46.0 455 -66.0 25.1 19.9
23 929 | 1019 1063 1174 958 1069 1045 99.5 100.6 105.6 96.8 120.5 1059 107.0 947 1044 1194 106.6 1009 1029 150.3 98.1 104.¢
48.3 | 44.6 50.6 552 409 52.9 532 444 385 21.9 419 72.9 58.7 564  -16.5 583 42.1 51.3 50.0 523 377 333 29.1
40.1 | 29.8 32.4 38.0 243 34.1 364 27.6 230 356 246 55.6  42.1 40.1 -32.7 40.6 234 337 32.5 347 52,6 14.6 6.4
26 392 | 13.6 202 23.6 9.5 21.3 21.1 13.1 11.8 12.2 10.8 21.5 264 249 458 263 134 207 217 20.6  -53.9 1.4 -5.0
57.3 | 509 582 63.0 4838 599 609 53.1 51.0 47.1 472 62.3 67.3 653 -144 663 47.8 584 602 59.8  -36.3 382 31.3
67.7 | 87.3 89.6 95.6 774 87.0 86.1 81.4 83.0 854  78.1 85.5 87.1 88.2 77.1 874  96.2 89.1 87.5 86.4 1150 79.1 82.6
28 -29.7 | 47.6 -385 -359 488 -36.6 -36.7 -451 -41.6 -504 458 -342 -30.7 -32.5 -101.8 -31.6 -543 -40.2 -37.7 -37.9 -133.1 -55.1 -64.8
75.0 | 942 953 103.2 843 93.5 93.2 88.7 88.5 90.6 84.9 91.9 93.7 94.2 80.8 93.6 106.0 955 93.9 93.0 1174 852 92.1
29  43.1 229 353 394 257 384 379 29.0 205 11.5 21.8 43.0 456 432 -25.1 39.8 253 34.7 364 341 -48.7 156 8.1




739 [ 852  91.8 845 859 875 81.1 875 896 903 756 903 1039 91,5 90.1 899 1206 80.8 878
05 | -89  -1.9 78 76 -11.5 -13.6 5.6 6.5 46 673 55  -121 23 00  -08 948 228 -30.0
705 | 89.7  92.1 852 8.8 871 815 887 903 912 8.6 903 989 922 907 899 1203 8l.1 844
549 | 669 721 665 740 783 588 777 796 784 83 787 656 73.0 739 730 -47 518 470

103.0 | 112.7 119.1 1121 1150 1163 1039 113.6 117.0 1188 894 1165 1240 117.7 1166 1159 1124 1027 105
R 0.9359 0.9512 0.9439 0.9547 0.9593 0.9586 0.9530 0.9042 0.8287 0.9498 0.9428 0.9654 0.9644 0.8333 0.9638 0.9113 0.9529 0.9582 0.9564 0.6889 0.9271 0.901
AS" | 24 19 19 20 28 15 19 9 13 68 11 36 17 11 15 118 22 37

(65)° (101)*

P NMR shifts of P=0O phosphorus atoms colored in red; ” average deviation (ppm) from the general correlation line for P=O phosphorus atoms; © in brackets average

deviation from the general correlation line for P=P phosphorus atoms.
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Figure S5. Correlation of calculated (PBE0/{def2-TZVP; Pd(SDD)}//PBE0/{6-311+G(2d); Pd(SDD)}, scaled) vs experimental *'P CSs for palladium complexes 1-39.
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