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rearrangemento]] fﬂrr A3} AR AAEFC R ¥H-S 2 E Felsle] Agel o3 3 7&%*‘ s A sk aLak
g}, sk e A 2ol 213 6709 local minimag} 570 2] A o] AefEo) dsle] HA3E BATEE
o] AFFIpel 94 AF RS AAbsle] 24 FRE] HAAS A e on, Al Ae] AF At}
vlxE 4= 9lE A3} oA A S &l 7B 2 o] & 254 DZP CCSD(T)oll A p-2} m-tolyl A}
o] 9] #A]3} of| x| A2 40.0 keal/mol, 8] 3 m-2} o-tolyl AFo]:= 40.9 kcal/molZ. A A= ¢l o}, T3} o-tolyl
o] &0l A benzyl o] 222 2] Ho|2A] o] o g A 3} o] A= 25.1 keal /mol, ZL2] 3L benzyl ©] &2 F HE]
tropylium ©] &2 2 ] =)= ) ZA4 3} oA #] A2 67.8 keal/mol 2 ¢ 55 S0

FX01: Tolyl, Benzyl, Tropylium, Ab initio, CCSD A|A}

ABSTRACT. The equilibrium structures and relative energies for the local minima and transition states which can
exist on the rearrangement pathway of C;H;" ions (o-, m-, and p-tolyl, benzyl, or tropylium cations) have been inves-
tigated using ab initio quantum mechanical techniques with various basis sets. The structures of all these possible inter-
mediates have been fully optimized SCF, CCSD, and CCSD(T) levels of theory with the DZ and DZP basis sets. The
SCF harmonic vibrational frequencies were also evaluated to identify the potential minimum or transition state for an
optimized structure. At the highest level of theory employed in this work, the activation energy barriers are predicted to
be 40.0 kcal/mol for the rearrangement going from p- to m-tolyl and 40.9 kcal/mol between m- and o-tolyl including
zero-point vibrational energy corrections. Also the activation energy barriers are predicted to be 25.1 kcal/mol for the

rearrangement going from o-tolyl to benzyl cation and 67.8 kcal/mol between benzyl and tropylium cation.
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(©)%}F AA(Chell H3lA] spherical 5d functions 1]
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Table 1. Absolute (in hartree) and relative energies (AE, in kcal/mol) of C;H;" isomers at various levels of theory

Tropylium  AE Benzyl AE o-tolyl AE m-tolyl AE p-tolyl AE
DZ SCF -268.818024 0  -268.806489 6.3  -268.720155 584 -268.715861 60.7 -268.713789 62.0
DZP SCF -268.936008 0  -268.927981 4.2  -268.846653 53.0 -268.842266 55.3 -268.839649 57.0
DZ CISD -269.399628 0 -269.385139 8.2  -269.304560 56.7 -269.301489 582 -269.298827 59.9
DZP CISD -269.770980 0  -269.760044 6.1  -269.683748 51.6 -269.680382 534 -269.677417 552
DZ CCSD -269.434413 0 -269.419462 8.5 -269.344766 53.3 -269.341958 54.6 -269.339119 56.4
DZP CCSD -269.869120 0  -269.857069 6.8 -269.785539 49.3 -269.782490 50.9 -269.779424 52.8
DZ CCSD(T)  -269.459447 0  -269.444987 82 -269.370480 52.8 -269.368008 54.0 -269.364789 56.0
DZP CCSD(T)* -269.912086 0  -269.899863 6.9 -269.829161 48.9 -269.826432 50.2 -269.823032 524

The relative energies with respect to the tropylium cation include zero-point vibrational energy (ZPVE) corrections.
*The DZP CCSD(T) energy is a single-point energy at the DZP CCSD optimized geometry.

Table 2. Zero-point vibrational energies (ZPVE, kcal/mol) for C;H;" isomers and transition states at DZ and DZP SCF levels of

theory. The values in parentheses are scaled by 0.91

DZ SCF DZP SCF
ZPVE A(ZPVE) ZPVE A(ZPVE)
Tropylium 80.5 0 79.2 0

Benzyl 79.5 1.0(0.9) 783 0.9(0.8)
o-tolyl 77.2 3.3(3.0) 75.8 3.4(3.1)
m-tolyl 76.8 3.73.4) 75.4 3.8(3.5)
p-tolyl 76.8 3.73.4) 75.4 3.8(3.5)
TS1-1 73.2 7.3(6.6) 72.9 6.3(5.7)
TS1-2 73.5 7.0(6.4) 73.1 6.1(5.6)
TS1-3 75.7 4.8(4.4) 74.8 4.4(4.0)
TS1-4 77.8 2.7(2.5) 76.6 2.6(2.4)

LM 77.6 2.9(2.6) 76.5 2.7(2.5)
TS1-5 75.7 4.8(4.4) 74.9 4.3(3.9)

o385 A R tropylium3} benzyl2] ollU %] x}o]7}
SCF 50X DZ2X-E DZPE F71345 6304
4.2 kcal/molZ 2.1 kcal/mol 7+4~3}e] polarization 3+
o] F84d o] A3 A elskaL, =3k DZP SCF
<} DZP CCSDE HAMFHEHN7} F71h5- 4.2 keal/
molol| A 6.8 kcal/molZ o R 7} Ayed3] Z7}ske] A
AdHETL Y= I3 o Aoz 35T
oot 28y CCSDel|A] CCSD(T)ZE triple excitation
S ¥33F 739oll= AE-5 basis function(DZP)] 3t
A2 Qlste] o] &= ZA W3] ez el
ek

AAEZ} Foll 71 72 55121 DZP CCSD(T)l|
A tropyliumel] B]3l] benzyle] 6.9 kcal/mol = A
==t = tropyliume] benzylell B3] 6.9 kcal/
mol A= ¢FA4 3t 71 0] 31 Nicolaides$?'#¢] DFT 52
o] 8-3}o] A AFgF ZZH(7 keal/mol), Dunbar’7} Ion

Cyclotron Resorance mass speetrometer® A1 51 gk 2 3}

okl
NS

e

(9 keal/mol), Fackson 522 A3 A 3}(10 keal/mol) L
2]32 Bombach 52*¢] PEPICO spectroscopy2- Al & &t
ZA7}(8.6 keal/mol)2} ¥l w2 2+ d=)slar glo). 1 9
9] @2 AFAEE tropylium3} benzylell Hjs] A3
gt A} A2, Ay 9 A4 i ol akE 2o
= )X 9k 6.2-15.5 keal/mol2] oA X] Z}o] 2 tropylium
o] ekt Al o= o|F3lal gl Tolyl o] A& A el
e £ A7l 7 2 4F<¢l DZP CCSD(T)
leveloll A A AksE A 3= AR E A7} F71gtel] o}
oA A 29 oA ghol BF BaSAT, 5
A3} basis setq] DZPol| A SCFe} CCSD(T) levels] il
YA ZFaF-E v)wgt A3 o-, m- 9 p-tolylel] = s
247} 4.1, 5.1 2 4.6 keal/molZ o-tolyl®] ellvi#] 74
Fo] 71 AA dEE . =3t P =Rl S
A& o-tolylo] 48.9 kcal/mol, m-tolyle] 50.2 kcal/mol,
p-tolyl-& 52.4 keal/mol=Z o-tolyl °]-2o] 7} b3k
T-Z22 ARSI 3 Al 7FA] o] dAA| ALo] 9] o
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Table 3. Absolute (in hartree) and relative energies (AE, in kcal/mol) for transition states and a local minimum state of C;H;" iso-

mers at various levels of theory

TSI(p-m) AE TS2(m-0) AE TS3(o-b)

AE  TS4(b-L) AE

LM(b-t) AE TS5(L+t) AE

DZ SCF
DZP SCF
DZ CISD
DZP CISD
DZ CCSD
DZP CCSD
DZ CCSD(T)

-268.602995 128.3 -268.607377 125.8 -268.659360 952 -268.689738 78.0 -268.692467 76.2 -268.653415 98.9
-268.746685 113.1 -268.749334 111.5 -268.795812 84.0 -268.815781 73.0 -268.821757 69.2 -268.792827 85.9
-269.204131 116.1 -269.206981 114.6 -269.250234 89.3 -269.274693 75.9 -269.281530 71.5 -269.248121 90.7
-269.595173 104.6 -269.597683 103.1 -269.638951 78.8 -269.649173 74.0 -269.660204 67.5 -269.634195 81.9
-269.256372 105.1 -269.258534 104.0 -269.292274 84.8 -269.319745 69.5 -269.327409 64.5 -269.295765 82.6
-269.706547 95.1 -269.710658 93.8 -269.743184 75.0 -269.754033 69.8 -269.764963 62.9 -269.740451 75.6
-269.284865 103.0 -269.287160 101.7 -269.318134 84.3 -269.343522 70.2 -269.349003 66.7 -269.322028 81.8

DZP CCSD(T)*-269.755582  92.4 -269.758055 91.1 -269.787711 74.0 -269.795794 70.6 -269.802119 66.5 -269.786760 74.7

The relative energies with respect to the tropylium cation include zero-point vibrational energy (ZPVE) corrections.
“The DZP CCSD(T) energy is a single-point energy at the DZP CCSD optimized geometry.

YA] Z}o]= 0-2} m-tolyl2 1.3 kcal/mol, m-2} p-tolyl
2 2.2 kecal/mol Z12]31 0-¢} p-tolylAle] 9] ellvx] 2}

o]+ 3.5 kcal/mol 2 |&EF|gic}. o] 2HE o} o]
2 Ak} v ms) 2w 199749 Shine] 6-31G(d,p) basis
setel] A restricted Hartree-Fock(RHF).2 2 A AkgF 25}
2l 0-2} m-tolyl AFo]= 1.4, m-&} p-tolyl 1.9 28|31
0-2} p- tolyl2- 3.3 keal/mol¢} 2 L =3} gJe}25 =
3 A= FA A = o2 o] & A4 AFEF vl
A A AR Aoz v

Table 39 = Tolyl ] A& A 53} benzyl & tropylium
o] 2 Atelel] EAT 4 Sl= oAl JHe] Ae] A
benzyl 3} tropylium ©]-2 Afo]e]] &3} = dhte)
local minimum Atejjel] T sle] o] o] 2 F5FolA] F]
A5} she] Q1o A eliA] B Ao S adat
9o}, O-, m- 283 p-tolyl 25 Alo]dl|M= 22t
s o] A o] Al S 7 3ted, & 1,2 hydrogen shift
o ola] AHujdE = gl o} benzylZ} tropylium Ale]
o] = F 7le] Ao| Aef 2} & 71 2] local minimum(LM)
el BARES Ak o2 EelFi ol & 7]
A, Ao Abel, 223 LM2] ¢llW =] Z tropylium
£ 7]F2.2 DZP CCSD(T) levelsl| A vl ws] B, X
HA7E p-2} m-tolyrte] o] A o] AFefel TS1S2 92.4
keal/mol, & HAE= m-2} o-tolylr}e]2] Ho] Alejal
TS2E 91.1 keal/mol, A WA= o-tolyls} benzylilo] <]
o] Abeel TS3Z 74.0 keal/mol, ¥ A= benzyl2}
local minimum state®] ] Ae] <] TS4=- 70.6 keal/mol,
oAl WA= TS49h TS5 Akl 9] local minimum(LM)
22 66.5 kecal/molo]w] wlz]9t o Al WA= local
minimum3} tropylium Ale] 2] o] Abell ¢l TSSZ 74.7
kcal/mol®] ol|v]#] x}o] & Lyel L 3l
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Table 4. Activation energy barrier(kcal/mol) between C;H;"
cations

AE (p-m) AE (m-0) AE (o-b) AE (b-t)

DZ SCF 66.3 65.1 36.8 92.6
DZP SCF 56.1 56.2 31.0 81.7
DZ CISD 56.2 56.4 32.6 82.5
DZP CISD 49.4 49.7 27.2 75.8
DZ CCSD 48.7 49.4 315 74.1

DZP CCSD 423 429 25.7 68.8
DZ CCSD(T) 47.0 47.7 315 73.6
DZP CCSD(T)  40.0 40.9 25.1 67.8
Kim* 41.0 415 383 -
Cone® 38.9 38.9 25 32.7
Smith® - - - 65
Ignatiev* 46.8 46.8 23.2 68.8

a:ref. 3, b:ref. 5, c: ref. 27, d: ref. 6

Table 4°%= Table 13+ Table 32| el IAE °]
£3lo] o] o] & FFollM CH, o] AZEAE 7He
A3} o)A AL Vdshe o FA o S
9] A}E o] 83}o Fig. 1] potential energy surface
E veligle o] 2358 Ars Be DZP CCSD(T)
9] o] & FFelA p-2} m-tolyl Abe] ] A3} ol #]
A2 40.0 kecal/mol ©] 32, m-2} o-tolyl Ale]2] A
3} oll U A] APH-2- 40.9 keal/mol 1] 22 o-tolyl #} benzyl
Abe]= 25.1 keal/molZ o] &= 31t} 813 benzylol] A
tropylium 22 ) F3l= A2 dsiHE F 79
Zo] Aleje} 3 712 local minimum stateS- 74-f-3}0,
ojufje] | 23} ol vix] AHL 67.8 keal/molE
A 5E At ol2lgt AFE o]H 9| o] & Az}e} v]m
3}, Cone 5-°]° MINDO/3Z A Abste] W33} tolyl
o] A Abele] Ko Al Foll m-2} o-tolyl Ale]
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Fig. 1. The potential energy surface of the local minima and the transition states of C;H;" cations at DZP CCSD(T) level of theory.

24 3} o iR AL 389 keal/mol ©] 1L, o-tolyl 2}
benzyl AFo]&= 25.0 kcal/molZ. of| &3}o] vz E o
TAZ e} 2F A X3}t 22} benzylell A tropylium
22 Auf A= 7 2o HsiA= Al 2] Fol Abe
9} F M9 local minimum stateZ 73}, o]u]2]
2o 243} oy A A2 327 keal/molZ of| Z3}e]
B> Aol & BTl it

=3} Smiths& G2 level?] AAFSZ benzylel A
tropyliums Awid 3= 72 W3] F 7§ local
minimum state?} A 7]2] A o] e 5 73k 7 2.9}
g 70 2] local minimum state®} F7H2] A o] AFelE 7
3= A 25 A 8121 o] F<] local minimum state
2l 1-cycloheptatrieneyl %Fo]-&2 7-F-3}= F HA 7
271 ebge Aoz gl ofuf o] v 43}
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Table 5. Deformation energy (excess energy, kcal/mol) at various levels of theory

DZ SCF DZP SCF

E AE E AE

o-chlorotulene -268.667364 33.1 -268.786832 37.5
m-chlorotulene -268.664103 32.5 -268.785881 354
p-chlorotulene -268.666580 29.6 -268.784971 343
o-flourotulene -268.675679 27.9 -268.794854 325
m-flourotulene -268.670504 28.5 -268.791739 31.7
p-flourotulene -268.673634 252 -268.792577 29.5
toluene(o-) -268.672179 30.1 -268.792991 33.7
toluene(m-) -268.669437 29.1 -268.790029 32.8
toluene(p-) -268.668318 28.5 -268.788631 32.0

polyl 728] ollA] x}e| 2 AlAksIATE L A ortho
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