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o-hole activation and structural changes upon perfluorination of aryl halides:
direct evidence from gas phase rotational spectroscopy
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Abstract

Enhancement of the o-hole on the halogen atom of aryl halides due to perfluorination of the ring is
demonstrated by use of the Extended Townes—Dailey (ETD) model coupled to a Natural Atomic Orbital Bond
analysis on two perfluorinated aryl halides (CgFsCl and C¢FsBr) and their hydrogenated counterparts. The ETD
analysis, which quantifies the halogen p-orbitals populations, relies on the nuclear quadrupole coupling
constants which in this work are accurately determined experimentally from the rotational spectra. The
rotational spectra investigated by Fourier-transform microwave spectroscopy performed in supersonic
expansion are reported for the parent species of CsFsCl and CgFsBr and their 13C, 37Cl or 81Br substituted
isotopologues observed in natural abundance. The experimentally determined rotational constants
combined with theoretical data at the MP2/aug-cc-pVTZ level provide precise structural information from
which an elongation of the ring along its symmetry axis due to perfluorination is proved.
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Table S1. Experimental (7 and ) and theoretical (7., MP2/aug-cc-pVTZ) principal axis system

coordinates (A) of C¢FsCl.

7o |rs| Ve

ay by as by a. be

C 1.116(7) 0 1.111 (6) 0.114%*i (4)lal 1.1222 0
Gy, Cs 0.412(2) +1.198(5) 0.391 (2) 1.1942 (4) 0.4145 +1.1999
G, Gs -0.973(4) +1.204(2) 0.9682 (9) 1.1986 (4) -0.9748 +1.2034

C, -1.672(4) 0 1.6696 (5) 0.134*i (4) -1.6704 0
F», Fs 1.061(4) +2.359(4) - - 1.0616 +2.3612
F3, Fs -1.639(4) +2.355(5) - - -1.6416 +2.3539

F, -3.002(4) 0 - - -2.9990 0

Cl 2.834(1) 0 2.83310(9) 0.027*i (4) 2.8323 0

[a] In a few cases the square of the coordinate has been determined to be small and negative leading to an imaginary value of the

coordinate.

Table S2. Experimental (7, and r;) and theoretical (7., MP2/aug-cc-pVTZ) principal axis system

coordinates (A) of C¢F;Br.

|| Ve

ay by as b ae b,

(o 0.58(1) 0 - - 0.5695 0
C,, Cs -0.141(2) +1.192(4) 0.09%i (2)! 1.192 (2) -0.1381 +1.1987
GC;, Cs -1.529(2) +1.203(6) 1.525(2) 1.199 (2) -1.5273 +1.2033

Cy -2.229(2) 0 - - -2.2222 0
F,, Fs 0.489(4) +2.363(9) - - 0.5044 +2.3628
F3, Fs -2.192(8) +2.356(6) - - -2.1959 +2.3531

Fy -3.56(1) 0 - - -3.5510 0

Br 2.436(1) 0 2.43422 (2) 0 2.4271 0

[a] In a few cases the square of the coordinate has been determined to be small and negative leading to an imaginary value of the

coordinate.

Table S3. Experimental (7, and r;) and theoretical (., MP2/aug-cc-pVTZ) principal axis system

coordinates (A) of C¢HsCL.

ro |rs|[a] Ve

ay by as b ae be

(o 0.43(2) 0 0.43(5) 0 0.4295 0
C,, Cs -0.250(8) +1.215(5) 0.23(4) +1.215(3) -0.2514 +1.2137
Cs, Cs -1.645(3) +1.209(4) 1.64(3) +1.211(3) -1.6450 +1.2057

Cy -2.346(3) 0 2.344(2) 0 -2.3445 0
H,, He 0.31(2) +2.142(7) - - 0.3024 +2.1420
H;, H; -2.181(8) +2.150(7) - - -2.1815 +2.1453

H, -3.436(3) 0 - - -3.4260 0

Cl 2.166(1) 0 2.165(3) 0 2.1658 0

[a] Rotational constants taken from ref. [33]



Table S4. Experimental (7 and ) and theoretical (7., MP2/aug-cc-pVTZ) principal axis system
coordinates (A) of C¢H;Br.

Fo |rs|[a] Fe

ap by dg by a, be

(o -0.25(3) 0 0.1888 0 -0.2545 0
C,, Cs -0.943(9) +1.215(7) 0.9332 +1.2144 -0.9362 +1.2140
Cs, Cs -2.336(4) +1.209(6) 2.3340 +1.2064 -2.3299 +1.2055

Cy -3.036(3) 0 3.0341 0 -3.0290 0
H,, He -0.40(3) +2.15(1) - - -0.3854 +2.1445
H;, H; -2.87(1) +2.15(1) - - -2.8663 +2.1453

H, -4.126(3) 0 - - -4.1106 0

Br 1.632(1) 0 1.6326 0 1.6281 0

[a] Rotational constants taken from ref. [34]



Table S5. Measured transition frequencies of four isotopologues of C¢FsCl, in MHz.

J K, K. J" K" K. F,Z— f/'z v-33Cl Av v-37Cl1 Av v-BC1 Av y-13C2 Av v-13C3 Av v-13C4 Av
5 2 3 4 2 2 5 4 6614.971 -0.001

5 2 3 4 2 2 6 5 6615.506 0.001

5 2 3 4 2 2 4 3 6615.901 0.008

5 2 3 4 2 2 7 6 6616.449 0.003

5 2 3 4 2 2 5 5 6619.064 -0.002

3 3 0 2 1 1 5 4 6696.764 -0.008

5 3 2 4 3 1 6 5 6747.722 0.005

5 3 2 4 3 1 5 4 6750.643 0.005

5 3 2 4 3 1 7 6 6757.623 0.005

5 3 2 4 3 1 4 3 6760.460 0.004

6 3 4 5 3 3 7 6 7200.119 0.001 7073.336 -0.004 7190.133 -0.007 7193.791 0.000

6 3 4 5 3 3 6 5 7200.927 0.002 7073.999 0.003 7190.945 -0.006 7194.588 -0.006 7188.214 0.000

6 3 4 5 3 3 6 6 7201.701 -0.008

6 3 4 5 3 3 8 7 7204.064 0.002 7076.557 0.005 7197.719 0.004 7191.342 0.003

6 3 4 5 3 3 5 4 7204.849 0.000 7077.209 0.001 7198.494 -0.002 7192.113 -0.008

6 3 4 5 3 3 5 5 7207.897 -0.001

9 1 8 9 1 9 8 8 7325.275 -0.006

9 2 8 9 0 9 8 8 7325.515 -0.004

9 1 8 9 1 9 11 11 7325.789 0.003

9 2 8 9 0 9 11 11 7326.029 0.004

9 1 8 9 1 9 9 9 7328.500 0.005

9 2 8 9 0 9 9 9 7328.726 -0.010

9 1 8 9 1 9 10 10 7329.041 -0.002

9 2 8 9 0 9 10 10 7329.282 -0.003

7 2 6 6 2 5 8 8 7370.818 -0.001

7 2 6 6 2 5 7 6 7371.809 0.005 7363.864 0.005
7 2 6 6 2 5 8 7 7371.957 -0.002 7364.002 -0.006
7 2 6 6 2 5 6 5 7382.359 0.002 7281.253 0.002 7372.537 -0.002

7 2 6 6 2 5 9 8 7382.632 0.001 7281.529 0.001 7372.818 0.011 7367.724 0.004 7364.860 -0.005
7 1 6 6 1 5 8 8 7385.294 -0.005

7 1 6 6 1 5 7 6 7396.423 0.002 7300.652 -0.001 7388.931 0.002 7386.035 0.000 7381.176 0.001

7 1 6 6 1 5 8 7 7396.697 0.001 7389.204 -0.002 7386.299 -0.007 7381.443 -0.005

7 1 6 6 1 5 6 5 7396.903 0.000 7389.413 0.007 7386.523 -0.002

7 1 6 6 1 5 9 8 7397.189 0.002 7301.211 -0.001 7389.695 0.002 7386.808 0.002

7 1 6 6 1 5 7 7 7399.097 -0.006
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0.005
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0.000
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0.005
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0.001
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0.001
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0.000
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11040.586
11040.968
11341.146
11341.697
11344.624
11345.137
11391.805
11400.908
11424.596
11479.539
11480.707
11485.964
11487.113
11731.823
11739.734
11758.968
11765.558
11768.274
11774.535
11777.271
12256.240
12256.895
12771.618
12772.243
12776.462
12959.677
12960.067
12961.108
12961.517
13387.732
13388.601
13393.878
13698.956
13699.241
13700.339
13974.277
13976.865
14457.323

0.007
0.001
-0.011
0.019
0.003
0.015
-0.018
0.018
-0.017
-0.005
-0.001
0.007
0.001
0.011
0.009
0.016
0.007
0.015
-0.001
0.016
0.004
0.002
-0.004
-0.006
0.014
-0.002
-0.008
-0.007
0.002
-0.003
-0.003
0.009
-0.005
-0.002
-0.004
-0.014
-0.001
0.005
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13
11
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14812.237
14812.492
14812.710

-0.001
-0.003
-0.011




Table S6. Measured transition frequencies of four isotopologues of C4FsBr, in MHz.

J K' K' J' K" K" F+% F'+% v-TBr Av v-$1Br Av y-13C2 Av v-13C3 Av
6 4 2 5 2 3 6 5 11754.946 0.011 11777.598 -0.010

6 4 2 5 2 3 7 6 11723.677 0.012  11750.885 -0.006

9 1 8 8 1 7 8 7 7025.211 0.003

9 1 8 8 1 7 9 8 7024.177 0.006

9 1 8 8 1 7 10 9 7021.957 0.008

9 1 8 8 1 7 11 10 7023.191 0.004

9 2 8 8 2 7 9 8 6991.226 0.007

9 2 8 8 2 7 10 9 6989.267 0.008

9 2 7 8 2 6 8 7 7808.907 0.005

9 2 7 8 2 6 9 8 7807.756 0.009

9 2 7 8 2 6 10 9 7805.242 0.007

9 2 7 8 2 6 11 10 7806.911 0.008

9 3 7 8 3 6 9 8 7478.613 0.009

9 3 7 8 3 6 10 9 7477.675 0.010

9 3 7 8 3 6 11 10 7468.702 0.008

9 3 6 8 3 5 8 7 8164.867 0.011

9 3 6 8 3 5 9 8 8176.853 0.012

9 3 6 8 3 5 10 9 8174.984 0.013

9 3 6 8 3 5 11 10 8165.671 0.012

9 4 6 8 4 5 8 7 7656.742 0.004 7579.388 0.008

9 4 6 8 4 5 9 8 7678.909 0.008 7597.822 0.004

9 4 6 8 4 5 10 9 7680.147 0.008 7598.994 0.007

9 4 6 8 4 5 11 10 7659.972 0.005 7581.972 0.008

9 4 5 8 4 4 8 7 7787.334 0.009

9 4 5 8 4 4 9 8 7809.308 0.009

9 4 5 8 4 4 10 9 7811.013 0.005

9 4 5 8 4 4 11 10 7790.379 0.013

9 5 5 8 5 4 9 8 7676.318 0.005 7592.261 0.002

9 5 5 8 5 4 10 9 7682.609 0.006 7597.392 0.003

9 5 5 8 5 4 11 10 7647.448 0.004

9 5 4 8 5 3 11 10 7672.531 0.002 7590.161 0.007

9 6 3 8 6 2 8 7 7591.992 -0.007

9 6 3 8 6 2 11 10 7601.890 -0.002 7524.163 0.000

0w o0 10 9 0 9 9 8 7018.764 0.008 6964.771 0.005

0w o0 10 9 0 9 10 9 7019.401 0.005 6965.273 0.007

0w o0 10 9 0 9 11 10 7017.505 0.005 6963.661 0.007

0w o0 10 9 0 9 12 11 7017.105 0.006 6963.327 0.006

10 1 100 9 1 9 9 8 7017.138 0.007 6962.931 0.005

10 1 10 9 1 9 10 9 7017.773 0.006 6963.448 0.007

0 1 10 9 1 9 11 10 7015.955 0.007 6961.899 0.009

10 1 10 9 1 9 12 11 7015.390 0.008 6961.425 0.007

10 1 9 9 1 8 9 8 7720.312 0.007 7663.306 0.002 7712.448 -0.007
0 1 9 9 1 8 10 9 7720.355 0.006 7663.211 0.006 7712.534 0.004
10 1 9 9 1 8 11 10 7718.333 0.005 7661.506 0.006 7710.511 0.000  7699.056 -0.002
10 1 9 9 1 8 12 11 7718.616 0.007 7661.823 0.007  7710.765 0.000  7699.339 0.003
0 2 9 9 2 8 9 8 7673.325 0.008 7612.677 0.005  7666.530 0.007
0 2 9 9 2 8 10 9 7675.463 0.006 7614.462 0.007 7656.513 -0.003
0 2 9 9 2 8 11 10 7673.859 0.006 7613.107 0.008

0 2 9 9 2 8 12 11 7671.932 0.007 7611.487 0.007  7665.147 0.004  7652.989 0.003
0 2 8 9 2 7 9 8 8548.132 0.004 8484.798 0.001

10 2 3 9 2 7 10 9 8544.731 0.004 8482.087 0.005
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8542.272
8545.761
8223.031
8229.524
8228.347
8222.760
9071.037
9074.416
9074.728
9068.142
8503.875
8519.160
8519.370
8505.464
8899.012
8919.055
8919.807
8901.141
8530.049
8556.540
8558.262
8534.293

8618.143
8620.471
8594.592
8474.810
8511.920
8516.360
8481.384
8515.851
8520.499
8485.175
7686.165
7686.748
7685.171
7684.792
7685.495
7686.053
7684.528
7684.077
8373.573
8374.175
8372.606
8372.298
8350.349
8351.839
8350.504
8349.089
9178.525
9175.462
9173.482
9176.574
8951.668
8954.574

0.003
0.005
0.005
0.006
0.008
0.007
0.008
0.008
0.008
0.008
0.004
0.005
0.007
0.007
0.004
0.010
0.011
0.010
0.000
0.003
0.003
0.004

0.004
0.005
0.002
-0.010
-0.002
-0.002
-0.004
-0.002
-0.002
-0.006
0.004
0.007
0.006
0.008
0.005
0.007
0.007
0.007
0.006
0.001
0.004
0.004
0.005
0.005
0.006
0.006
0.002
0.000
0.001
0.002
0.003
0.004

8480.012
8482.805
8151.147
8156.594
8155.666
8150.857
8977.014
8980.404
8980.308
8974.883
8419.337
8432.101
8432.370
8420.584
8789.546
8806.200
8806.913
8791.233
8440.759
8462.812
8464.288
8444214
8494.752
8517.679
8519.755
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8387.411
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8422.083
8392.718
8421.636
8425.250
8396.123
7626.985
7627.439
7626.106
7625.788
7626.213
7626.660
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7624.985
8310.690
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8309.775
8309.572
8285.192
8286.426
8285.291
8284.115
9113.925
9111.765
9110.044
9112.663
8876.289
8878.781

0.005
0.002
0.004
0.006
0.005
0.008
0.006
0.008
0.006
0.008
0.003
0.004
0.004
0.007
0.008
0.011
0.001
0.011
0.002
-0.002
0.001
0.002
0.001
-0.001
0.002
0.002
-0.005
-0.005
-0.004
-0.004
-0.007
-0.008
-0.004
0.006
0.006
0.007
0.007
0.005
0.006
0.008
0.007
0.005
0.005
0.006
0.005
0.003
0.007
0.007
0.005
-0.003
0.000
0.002
0.000
0.002
0.005

8533.383
8536.907

7679.555
7677.979
7677.594

8342.746
8344.237
8342.905
8341.489

0.000

0.001  8524.389 -0.001

0.001
0.000

-0.001  7665.729 0.000

7665.025 0.003
7665.474 0.001

0.000
-0.001
0.001
0.002




AR R W LW WLLND DN RN NN NN =D O O O NN NN R R R DR DR BRW W W W

[V IV IRV BV e N~ N« Ne Ne Wie Ne NNe NEEN I BN RS B RN N R Bl R e e SR I B N

e e e =
(= = = = = R = e R NS T SRR ST (S S S A S A

[N I - I - I« e T« e e e e e Y Y Y Y Y Y Y Y S S T - T SN >N SN SN SN VS S VS I VS I U8 )

B N Y Y Y Y S e S S S S S S e

L T = L L, BV, BV, BV, IO, BV, B, B =) W) W e e e = e N N e N BN B e ]

—_ = m = e e e e m em e e e e e e
(=R R = L = = = R R e R e

0 0 o O LV OV OV WV VW v ©

12
10
11
12

10
11
12

10
11
12

10
11
12

10
11
12

10
11
12

10
11
12
10
11
12
13
10
11
12
13
10
11
12
13
10
11
12
13
10
11
12
13
10
11
12
13

11
12

8951.092
9898.991
9897.111
9896.596
9326.981
9337.513
9337.174
9327.651

9414.325
9433.682
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9416.751
9549.837
9572.059
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9375.758
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0.004
0.004
0.002
0.004
0.000
0.005
0.002
0.003

-0.006
-0.001
0.002
0.000
-0.003
0.001
0.004
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-0.007
-0.008
0.004
0.004
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0.001
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0.001
0.004
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0.003
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0.001
-0.002
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0.001
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8344.981
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-0.001
0.001

8332.078

8332.160
8331.784

0.002

-0.003
-0.004
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Table S7. Fitted structural parameters by STRFIT program(>3! for the C4F5sCl, C4FsBr, CcH;Cl,
C6H5Br.

CoFsCl CoFsBr CsHsCl CoH;Br
CIX(A) 1.718(6) 1.857(9) 1.74(2) 1.88(3)
C1C2(A) 1.390(5) 1.393(7) 1.39(1) 1.40(2)
C2C3(A) 1.386(5) 1.387(6) 1.40(1) 1.39(1)
C1C4(A) 2.788(8) [2.8079] 2.77(2) 2.79(3)
£C2C1X(°) 120.5(2) 121.1(2) 119.1(9) 120(1)
£C3C2C1(°)  120.7(4) 121.6(2) 119(1) 120(1)

Table S8. Orbital population and VPPA of the p-orbitals of the halogen atom in C¢HsX and CgFsX
(X= Cl, Br) calculated with the ETD model and the natural bond order NAO analysis.

ETD p/s P, Pyy Py sum P,y AP, APy, APy,
CeFsCl - 1.250 2 1.955 5205 1.735 -0.485 0.265 0.220
C4FsBr - 1.150 2 1.954 5.104 1.701 -0.551 0.299 0.253
CeH;Cl - 1.335 2 1.965 5300 1.767 -0.432 0.233 0.198
CgHsBr - 1.265 2 1.975 5240 1.747 -0.482 0.253 0.228
NAO (MP2/aug-cc-pVTZ)

CeFsCl 0.20 1.175 1.913 1.881 4.969 1.656 -0.481 0.257 0.225
C4F;sBr 0.15 1.071 1.918 1.888 4.877 1.626 -0.555 0.293 0.262
CeH;Cl 0.21 1.234 1.923 1.89 5.047 1.682 -0.448 0.241 0.207
CgHsBr 0.17 1.134 1.924 1.892 4.95 1.65 -0.516 0274 0.242
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