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Abstract: Multireference ab initio methods and density functional theory with a 6-31G* basis set have been
applied to study the interconversions of norbornadiene, 1,3,5-cycloheptatriene, norcaradiene, and toluene. These
include the [1,5]hydrogen shift in cycloheptatriene, the [1,5]carbon shift (walk rearrangement) in norcaradiene,
the ring flip of cycloheptatriene, and the formation of norcaradiene from cycloheptatriene. Our best theoretical
calculations for the walk rearrangement predict that the Woodwidaifmann “forbidden” suprafacial-inversion
transition state and the “allowed” suprafacial-retention pathway differ in energylical/mol. Further, both
transition states are effectively biradical-like. The transition state for formation of toluene from norcaradiene
proceeds via a hydrogen transfer transition state that is formed directly from the “allowed” transition state for
the walk rearrangement but not from the “forbidden” transition state. Further, the transition state for the
transannular hydrogen shift from the “allowed” transition state to 3-methylene-1,4-cyclohexadiene was calculated
to be too high in energy to participate in the formation of toluene.

Introduction

Bicyclo[4.1.0]hepta-2,4-diene (norcaradiene, NCD) and the
unusually rich chemistry of rearrangements involved with it have
been extensively studied for more than three decades. In 1957
Woods observed the thermal isomerization of bicyclo[2.2.1]-
heptadiene (norbornadiene, NBD) to 1,3,5-cycloheptatriene
(CHT). This reaction most likely proceeds via diradical D in
Scheme 1 to NCD which then undergoes ring opening of the
central bond. The reverse path provides a mechanism by which
CHT can give toluene upon pyrolysis. That is, CHT can
isomerize to NCD and then undergo bond cleavage to diradical
D which undergoes a hydrogen shift to toluene (T). A few years
after Woods’ observation, experimental investigations turned
toward the question of the nature of the cycloheptatriene-
norcaradiene equilibrium and the related question of possible
homoaromaticity. Is the bicyclic form merely a valence bond
resonance structure for the monocyclic form or is it a stable
intermediate structure involved in the process of the thermal
isomerization of cycloheptatriene?

Vibrational spectrg,electron diffractior microwave spec-
troscopy? and X-ray crystallography d&astablished a non-
planar structure for cycloheptatriene. A kinetic study of the
thermal isomerization process of CHT to tolueseggested that
the bicyclic tautomer, NCD, is a likely intermediate, where the
bicyclic—monocyclic equilibrium is shifted very much toward
the monocyclic form. NCD was prepared in 1981 and the
kinetics of its isomerization to CHT was followed by ultraviolet
spectroscopy which provided an activation energy of 6.5 kcal/
mol.” A rough estimate of 4 kcal/mol for the free energy
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difference between CHT and NCD suggested that the free
energy of activation for ring closure of CHT to NCD is #1
2 kcal/mol?

Cycloheptatriene is nonplanar and undergoes facile intercon-
version between two equivalent boat conformations. At low
temperature (below-140 °C), the methylene protons give
separate signals in the NMR spectrum. As the temperature is
raised, the signals broaden and coalesce into one sharp peak.
This observation provides an activation energy of 6.3 kcal/mol
for the interconversion proce$# high-temperature NMR study
on hydrogen isotopomers of cycloheptatriene led to the discov-
ery that at 106-140 °C, the molecule undergoes a process of
[1,5]hydrogen shift with an activation energy of about 31 kcal/
mol® (Scheme 1).

The original mechanism of isomerization of NBD proposed
by Woods (Scheme 1) provides the possibility of NCD
reversibly opening to the diradical. This proposal then provides
a pathway for a [1,5]carbon rearrangement in NCD, commonly
referred to as the “walk” rearrangement, which was discovered
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Scheme 2 Schaad and HU extended Pechukas’ work to degenerate
concerted reactions, i.e., one-step reactions in which reactant
and product differ only by the interchange of identical atoms.
The “walk” rearrangement belongs to this group of degenerate
reactions (sometimes referred to as topomerization reactions).

Theoretical indications that the dynamics of thermal “walks”
could be modified by hyperconjugation appeared in the discus-
sion of the [1,3]-sigmatropic shift by Berson and Saférfihe

TS-a TSt

TS+t relative stability of “allowed” and “forbidden” transition states
\ / l involved in the “walk” process was a considerable challenge.
H

In 1975, Schoellet? using semiempirical MINDO/Z calcula-
CHHaHb tions including configuration interaction for proper bond dis-
<6 Hb Q/ 2 sociation, showed that inversion at the migrating carbon is
g | favored by 1.4 kcal/mol over the retention process in agreement
" 5N " 5H with the observations of Ktaer and co-worket$ for the [1,5]-
sigmatropic shift. Unfortunately, the method used by Schoeller

TSiis / also predicted that retention was favored over inversion by 4.0

H
1

kcal/mol in the [1,3]-sigmatropic shift because of hyperconju-

Hb
\ TS-inv gation, in contradiction to later experiments by Klar and
Ha A/ Adamsky?! Semiempirical calculations were also employed to
Hb

study related “walk” rearrangements where the migrating
Ha methylene group was replaced by an oxygen or amino gfbup.
The correct description of possible transition states involved
in the “walk” reaction requires a multi-configuration wave
function. Complete active space self-consistent -field (CASSCF)
/@Ha /@ Hb studies were reported on the [1,3]-shift ring walk in bicyclo-
Ha [2.1.0]pent-2-ene, initially using 4 electrons and 4 orbifals,
and later 8 electrons and 8 orbitéfsfor the complete active

by Berson and Willcott in 196 This rearrangement is one of ~ SPace. In contrast to the MINDO/2 calculatidfishese ab initio
a large series of similar processes in which a carbon circumam-calculations predict that inversion is favored in agreement with
bulates a cyclic polyene or polyenylium ion. Formally, these the WoodwareFHoﬁmann rules. Using the methc_)d described
processes can be characterized by the Woodwiaffmann below fqr the [1,5]-shift, our own 8-electron/8-orbital CASSCF
(WH) designations as,[J-sigmatropic rearrangemeftsvhere calculation for. Fhe [1,3]-shift gave 9.5 kcal/mol favoring the
i andj are the numbers of atoms over which the bond migrates a_IIowed transition state over th_e forbidden one. However,
from its original position. The stereochemical behavior of the Simpler methods such as unrestricted Hartiéeck (UHF) or
migrating group differs depending on the number of total Mollgr—PIesset (MP) calculatlon.s seem to be more commonly
electrons involved in the process. In systems with no chargesapplied to norcaradiefieor substituted norcaradien&sHaltz
on atoms, the migrating group should retain its configuration €t al*® also discussed the attack of benzene by methylene to
in processes involving + i = 4n + 2 electrons and it should ~ form toluene and cycloheptatriene.
invert in those involving 4 electrons, provided that the polyene ~ Clearly, there are competitive thermal processes that need to
system is used suprafacially as it must be in the NCD walk Pe considered in any experimental or theoretical studies on
rearrangement (Scheme 2). The norcaradiene “walk” was “walk” rearrangements. The ring-opening reaction in which the
assumed by Woodward and HoffmadAno proceed with internal bond is cleaved can occur at low temperatures in small
retention of configuration. Berséhdiscussed other possibilities ~ bicyclic systems. Further, the competitive valence tautomerism
including hydrogen migration and his experimental attempts to Of the hydrogens of the monocyclic system, where hydrogens
determine the actual pathway. Other [1,5]sigmatropic shifts of are dispersed over the carbon framework by concerted [1,5]-
carbon have been observed with orbital-symmetry-forbidden hydrogen shifts, often can mask the stereochemistry of the
transition state$! In 1974, by studying an optically active Process of interest and can only be explored theoretically.
substituted CHT, Klener*® showed that the walk rearrangement
occurs with inversion. Thus the “forbidden” path is favored.
The fascination with WoodwareHoffmann rules based on Al calculations presented here were obtained using the 6-31G* basis
orbital symmetry considerations provided the impetus to theo- set. Only the lowest energy singlet state was considered. Complete
retical investigations of the symmetries of transition states. active space self-consistent-field calculations (CASSCF) and multiref-
Prediction of possible TS symmetries in nondegenerate con- (17) Schaad, L. J.- Hu, 3. Am. Chem. S0d998 120, 1571,

TS-hyd | 1,6-H~ 1,5-H~
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erence perturbation corrections (MROPTjo the CASSCF wave
function were performed using the HONDO program packédge.
Previous work on the Cope rearrangemestiowed that MROPT2 gave
reasonable results where CASSCF did not, due to lack of dynamic
correlation. Some configuration interaction results were obtained with
the MELD progran?® Density functional results using the three-
parameter Becke exchange functional and the1¥eng—Parr cor-
relation functional (B3LYP), obtained with the Gaussian 94 program
package?® were used to get preliminary estimates of energies and
structures. The B3LYP results were checked for spin stability, and spin
unrestricted “singlet” results are reported when this gives a lower
energy. Optimized geometries for B3LYP were obtained using the
program OPTIMIZE' which takes energies and gradients from
Gaussian 94. The choice of orbitals included in CASSCF calculations
was based on the orbitals expected to change markedly during the
reactions being studied. Consequently, four different sets of active
orbitals were used in our theoretical investigation. For convenience of
presentation, these sets are labeled CAS(a), CAS(b), CAS(c), and
CAS(d).

A set of six active orbitals with six electrons, CAS(a), was chosen
as relevant for the thermal ring isomerization from CHT to NCD. This
set includes threg—s* pairs of orbitals of the CHT ring. With th€;
point group, the dominant configuration of the six active electrons is
(@)? (@')? (@)? for CHT, NCD, and the transition state (1i§, see
below), so cleaving of the internal bond is a WH-allowed process.

Sets of eight orbitals were chosen to account for the nondynamic
correlation effects in the “walk” rearrangement CAS(b), the [1,5]-

suprafacial hydrogen shift CAS(c), and the toluene formation CAS(d). e f

The CAS(b) set includes twar—s* pairs of the six-member ring  Figyre 1. Numbering of molecular skeletons: (a) 1,3,5-cyclohep-
orbitals of norcaradiene, and two—o™ orbital pairs involving the  (atriene, (b) norcaradiene, (c) forbidden TS, TS, (d) allowed TS, TS-
migrating carbon. The dominant configuration for NCD wi@ a, (e) toluene formation TS, TS-t, and (f) F§e Hydrogen atom

symmetry is (§2 (a')? (d)? (a')2. Along the reaction path, the molecule numbering follows carbon atoms, i.e.; Btom is attached to €
has no symmetry, but at either the allowed or forbidden transition state,

it again hasCs symmetry with a new mirror plane. At the transition
states, one orbital becomes the singly occupied p orbital on the carbon
atom which undergoes the rearrangement. This occupied p orbital is
of & or d' symmetry depending on whether the transition state is WH-
allowed (TS-a) or WH-forbidden (TS-f), respectively. The dominant
electron configuration is expected to beé){da)? (a")? (&)? (a)° for

the allowed transition state and'Ya(a)? (@')? (@)* (a')* for the
forbidden transition state.

The CAS(c) set of 8 electrons and 8 orbitals, chosen for the hydrogen
shift, consists of three—x* pairs of orbitals as in the CAS(a) set plus
the o pair of bonding and antibonding molecular orbitals of the C7H8
bond, where H8 undergoes the process of rearrangement (see Figure
for atom numbering). The dominant configuration at the star@ag
symmetry of cycloheptatriene is'fa(a)? (d')? ()2 At the transition
state (Tshyd), the molecule ha€s symmetry with respect to a different
mirror plane and the dominant configuration becomép (a)? (d)?

@2 (a) Isomerization of Cycloheptatriene to Norcaradiene.

(27) Various types of MROPT method differ by the choice of zeroth- 1he€ Structures and energies of norcaradiene, cycloheptatriene,
order HamiltonianHy in multireference perturbation theory. MROPT1  and the transition state for their interconversion;i$& have
g?gtho?% I_taa‘:t_eos':% thh%”rksgt;’_Vh_enfed;hgl eic?;nvaéudesg_naff ggt:ai”_ig %d been found withCs symmetry. Preliminary structures were

i izati iX i u upied, si upied, . .
virtgal subspaces. Other MROPT m)ézthodsp are ge?]gralizafi)ons of the Iocat_ed and CharaCte_rlzed at the B3L_YP level of theo_ry_usmg
MROPT1 method. For details see: Kozlowski, P. M.: Davidson, EJ.R.  gradients and energies from Gaussian 94 and optimization
Chem. Phys1994 100, 3672. Kozlowski, P. M.; Dupuis, M.; Davidson, algorithms implemented in the optimization package OPTI-

Finally, the set of 8 electrons and 8 orbitals chosen for the hydrogen
migration to form toluene, CAS(d), consists of fiweorbitals on Ct-

C5, thexr orbital on C7, and the—o* pair of C6H6 bond orbitals,
where H6 undergoes the process of migration. The dominant config-
uration atCs symmetry of toluene is (& (&)? (a')? (@)% At the
transition state TS-t, the dominant configuration i$%(@)? (a')? (&)

It is possible that polarization functions on hydrogen could be
important for transition states involved with hydrogen migration
processes. To test the effect of polarization functions on hydrogen some
B3LYP calculations were performed with the 6-31G** basis sets and
pre included in the Supporting Information. The calculated activation
energies were changed by less than 0.1 kcal/mol for the walk
rearrangement and by less than 1.0 kcal/mol for the hydrogen migration.

Results and Discussion

E. (F;g)'&“;hghiﬂm; ﬁ%%gugei 1317: |737::/'i dson E. R HONDO 95.6. 18 MIZE.3! These structures were then reoptimized at the CASSCF
Corporation, Neighborhood Road, Kingston, NY 12401, 1995, level of theory with 6 electrons and 6 orbitals, defined as CAS-

(29) MELD is a set of electronic structure programs written by (&) above, to give the CASSCF geometry. T@estructures
McMurchie, L. E.; Elbert, S. T.; Langhoff, S. R.; Davidson, E. R., with  |ocated for norcaradiene and cycloheptatriene are true minima,
extensive modifications by Feller, D.; Rawlings, D. C. . . . ibrati |'f . f d. Th

(30) Gaussian 94: Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Gill, !-€-» NO Imaginary vibrational irequencies were found. e
P. M. W.; Johnson, B. G.; Robb, M. A.; Cheeseman, J. R.; Keith, T. A.; transition structure located, FiSo, is a true transition structure,
gelt(efsonva-VA-éMCg\ttgorge{f JF A Raghasv?;hfg_h Kl A'-kl,-ag\argt, ’]:/' A i.e., one imaginary frequency has been found at both levels of

akKrzewskl, V. G.; Ortiz, J. V.; Foresman, J. b.; CIOSIOWSKI, J.; eranov, H .
B. B.: Nanayakkara, A.. Challacombe, M.; Peng. C. Y. Ayala, P. Y.; Chen. theory. Flgurgs la and 1b show the structure§ of cycloheptatrleng
W.; Wong, M. W.; Andres, J. L.; Replogle, E. S.; Gomperts, R.; Martin, and norcaradiene and Table 1 reports some important geometric
R. L.; Fox, D. J.; Binkley, J. S.; Defrees, D. J.; Baker, J.; Stewart, J. P.; parameters at the CASSCF and B3LYP levels of theory. The

Eza‘ifg%rdon' M.; Gonzalez, C.; Pople, J. A. Gaussian, Inc... Pittsburgh. caiculated structure for cycloheptatriene has been compared with

(31) Baker, J. OPTIMIZE, a suite of algorithms for geometry optimiza- €lectron diffraCtion dat&.This comparison shows a very good
tion. agreement in all bond lengths and angles. Although a nonplanar
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Table 1. Calculated Geometry Parameters of Norcaradiene, Isomerization Transition Stag®)(Ted Cycloheptatriene Using 6-31G* Basis
Set (Bond Lengths in A and Bond Angles in deg) and Comparison of Cycloheptatriene with Experimental Data

norcaradiene T80 cycloheptatriene

parameter B3LYRZAS(a)/CAS(b) B3LYP/CAS(a) B3LYP/CAS(a)/CAS(c) exptl [ref 3]
r(C7C1) 1.5071.4991.531 1.4851.479 1.5091.5124.511 1.505
r(C1C2) 1.4771.4861.484 1.4171.421 1.3571.3471.347 1.356
r(C2C3) 1.3521.3491.328 1.3871.379 1.4471.4671.467 1.446
r(C3C4) 1.45/.4671.469 1.4201.423 1.3651.3551.355 1.356
0(C1C7Ce6) 62.862.4259.37 78.1981.38 108.327111.20111.73 ~105
g(crcice) 120.5420.29119.83 121.84121.50 121.93122.87123.14 121.8
0(c1c2cg) 122.0021.81121.78 123.37123.63 125.43125.29125.52 127.2
J(C2C3C4) 121.3821.55121.36 122.36123.04 125.93126.18126.31 119.8
o 111.36110.92110.74 114.43114.42 127.94130.94131.87 130.3
B 171.03175.32175.69 160.77161.74 154.83153.98154.66 156.3

a Reference 5.

Table 2. Calculated and Experimental Relative Energies (kcal/mol) of Species Involved in (a) the Isomerization Process, (b) the “Walk”
Rearrangement, (c) the 1,5-Suprafacial Hydrogen Shift, and (d) the Formation of Toluene

(a) isomerization (c) 1,5 suprafacial
of cycloheptatriene (b) “walk” rearrangement hydrogen shift (d) formation of toluene
method TSiso— CHT NCD—-CHT TS-f—=NCD TSa-— TSf(ZPCy TShyd— CHT TS-t— TS-a  toluene- TS-t

experiment 11 4 31

B3LYP 10.02 6.48 41.20 +0.97(—0.01) 40.57 5.85 90.26
PB3LYF 41.53 —0.66 2.32 85.48
CASSCF 21.63 11.84 35.20 +0.26 (+1.18) 60.19 13.55 94.35
MROPT2 8.90 7.32 44.58 —1.85 38.70 1.87 87.63

aUnrestricted B3LYP calculation of transition state&ero-point correction in parantheses, which needs to be ad@&min projected B3LYP
energies using the method of ref 37.

Table 3. Calculated and Experimental Frequencies (§nof

structure for cycloheptatriene has been established experimen 1.3,5-Cycloheptatriene

tally, quantitative values foo. and /s angles vary significantly
with the type of experimental data. Table 1 compares calculated SQMB3LYP

o and 3 angles with the values determined by X-ray crystal- CAS(a) CAS(c) B3LYP freq IRint. exptl assignment
lography by Davis and TulinskiBoth angles agree well with 5 3347 3348 3170 3037 65.14 3027 CHstr
these data. Alpha and beta are defined as angles between the 3258 3197 3105 2975 22.54 2966 CH(eq) str
C7C1C6 and C1C2C5C6 planes and the C2C3C4C5 and 3193 3016 3011 2885 33.25 2838 CH(ax)str

C1C2C5C6 planes of cycloheptatriene, respectively. 755 757 727 715 56.45 712 grﬁr%iﬁd
All CASSCF energies have been corrected by multlrefergnce 685 681 669 660 13.16 657 ringdef
second-order perturbation theory. The calculated energy differ- CH, rock
ence between the species involved in the isomerization reactiong’ 3354 3354 3177 3044 50.42 3039 CH str
are compared with experimental datnd shown in part a of 3335 3335 3155 3023 13.10 3027 CHstr
Table 2. The calculated energy difference between NCD and 743 744 764 751 23.94 743 CHrock

CHT is 6.4, 7.3, and 11.8 kcal/mol for B3LYP, MROPT2, and a|R intensity in km/mol.
CASSCF methods, respectively, compared to the approximate
expe”mental value of 4 kcal/mol. The calculated energy experimental IR Spectru%ﬁin the “fingerprint” region (209_
difference between the transition state and cycloheptatriene is18o0 cnt) is shown in Figure 2. In general, the calculated
10.0, 8.9, and 21.6 kcal/mol for B3LYP, MROPT2, and sqQM frequencies are in good agreement with experimental data.
CASSCF methods, respectively. The values calculated with The calculated fundamentals in the 12A600 cnt! region
MROPT2 and B3LYP agree reasonably well with the experi- gij|| jndicate a small but consistent error that shifts the
mental activation energy of 1t 2 kcal/mol. _ frequencies to about 10 crhhigher than experimental funda-
Since norcaradiene could be present in amounts approachingnentals. This error indicates that transferable scale factors for
2% at room temperature, reliable predictions of the vibrational ~c stretch and CH wagging are slightly too low for the
]E)ands of ch_m'gh,t reﬁult In (I:ie':ectlon_ of vibrational S|gnalls cycloheptatriene ring vibrations. A selected set of calculated
rom norcaradiene in the cycloheptatriene spectrum. Scaledyroq encies and intensities of norcaradiene are reported in Table

quantum mechanical (SQM) methd&vere used to refine the 4 "o higher CH stretch fundamentals of norcaradiene might
B3LYP/6-31G* vibrational force field. Appropriate transferable bé the ea?siest to identify in the spectrum of the mixture g

scale factors were taken from recent studies by Baker #t al. b) “Walk’ R ¢ Cveloh . Th
The calculated frequencies of cycloheptatriene with greatest (b) a earrangement o yclo ept.atnene. e
skeletal rearrangement of cycloheptatriene is known to occur

intensity are shown in Table 3. A complete list is available in h .
the Supporting Information. Calculations of cycloheptatriene are &t temperatures above 370 and is formulated with norcara-
diene intermediates. Two transition structures on the norcara-

compared with experimentally determined fundamentals. A *’ ) > "
direct comparison of calculated (SQM) frequencies with the diene potential energy surface relevant to the “walk” rearrange-
_ ment, WH-forbidden (TS-f) and WH-allowed (TS-a), were

(32) Pulay, P.; Fogarasi, G.; Pongor, G.; Boggs, J. E; Varghal. A.  foynd within Cs symmetry and are shown in Figures 1c and 1d,

Am. Chem. 105, 7037. . . :
”}33‘:’) §;“ke§,°ﬁ9§§m§? A.O:; Pulay, P.J. Phys. Chem. A998 102, respectively. These structures differ approximately by & 90

1412. rotation of the migrating methylene group. The methylene in
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on the potential energy surface. The MROPT?2 activation energy
shown in part b of Table 2 is in close agreement with B3LYP
and significantly different from CASSCF. On the other hand,
the TS-a— TS-f energy difference evaluated at the CASSCF
geometry is negative with MROPTZ2. Similarly the spin projected
B3LYP at the UB3LYP geometry calculations show the
WH-forbidden transition state (TS-f) to be higher in energy
than the WH-allowed transition state (TS-a). This may be a
result of not being able to reoptimize the coordinates for the
MROPT2 or PB3LYP methods. Small changes in coordinates
due to reoptimization could change the relative energy by a few
kilocalories per mole. For example, the CASSCF energy
difference at the B3LYP structures increases by 0.5 kcal/mol.

In addition, multireference frozen-core configuration interac-
tion with single- and double-excitation (CISD), using the
CASSCF geometry, was applied to these two transition states
to see whether this method could be used to calculate the small
energy difference between the TS-f and TS-a structures. To be
consistent, thé&(@'a) open shell ROHF configuration was used
as the reference for TS-f, whil¢a’a) and two (&2 configura-

with half-width 5 cn™, tions were used for TS-a. In both cases, these reference

configurations span the minimal two-electron/two-orbital de-

Table 4. Calculated Frequencies (ch) of Norcaradiene ey 4 g )
scription of bond breaking and reforming between the singly

SQMBSLYP occupied p orbital of the migrating group and the singly
CAS(a) CAS(b) B3LYP freq IRint.  assignment occupied molecular orbital (SOMO) of the pentadienyl ring
d 3376 3353 3199 3066 23.57 CHstr fragment. These CI results are included in the Supporting
3351 3332 3175 3042 13.94 CHstr Information and are quite similar to the other energies shown
3328 3180 3157 3025 27.20 CHstr in Table 2.
3307 3091 3146 3014 16.64 CH(eq) str . . . .
1075 1111 1015 981 9.49 6-member ring str A schematic showing the alternative reaction paths for the
780 847 746 729 58.63 CH wagring str “in” and “out” hydrogen atoms on the migrating Glgroup is
a' 3363 3369 3188 3055 52.15 CHstr shown in Figures 3a and 3b for the “forbidden” and “allowed”
1171 1115 1070 1041 1047 Gkag walk processes. On the allowed path, the reaction proceeds with

rotation of the CH, while on the forbidden path, the same
hydrogen remains over the ring and the reaction proceeds
TS-fis “flat” and lies in the mirror plane while the methylene  through inversion. The most important geometry parameters for
in TS-a is s||ght|y pyramidaL |n|t|a||y, these structures were both transition states are listed in Table 5. The actual Cartesian
located and characterized with B3LYP. Each transition state coordinates and energies for each method are given in the
had one calculated imaginary frequency for the reaction Supporting Information.
coordinate (186and 197 for TS-f and TS-a, respectively). There are only minor differences between the CASSCF and
Following the reaction coordinate downhill from either transition B3LYP geometries. With the exception of the C6H6 bond
state leads to norcaradiene. Both of these “singlet” B3LYP distance, all CH bonds of TS-f are shorter by about 0.01 A in
calculations had broken spin symmetry indicating that neither the CASSCF calculations. There is no significant difference in
transition state wave function could be represented well by a any angles. In the case of the TS-a state, all CH bonds are shorter
single Slater determinant and the B3LYP energy might not be in the CASSCF than in the B3LYP calculations. However, the
accurate. The zero-point energies for TS-f and TS-a with this C6C7 distance is 0.03 A longer in the CASSCF. The CH bonds
UB3LYP wave function differed by only 0.01 kcal/mol. from CASSCF are probably too short because dynamic cor-
After locating these structures with B3LYP calculations, all elation is not included.
three species (norcaradiene, TS-f, and TS-a) were reoptimized Perhaps the main difference between the DFT and CASSCF
with the CAS(b) set of orbitals to give CASSCF singlet state results for the TS-a state can be observed in pyramidalization
geometries and energies appropriate for the “walk” reaction. of the CH, which is more pyramidal in the CASSCF calcula-
As expected, the TS-f wave function h&d" symmetry and tions. The pyramidalization of the methylene group in the TS-a
was primarily a single open-shell configuration. The TS-a wave structure opens the possiblility for existence of another form of
function had!A’ symmetry and consisted mostly of three the TS-a structure, with inverted pyramidalization of the angle
configurations. The calculated imaginary frequency for the (which could also be viewed as a F80@tation of the methylene
reaction coordinate at the CASSCF level is 38Ad 229 for group). All attempts to find such a structure for TS-a starting
TS-f and TS-a, respectively. The most important geometry from an inverted geometry converged to the original geometry.
parameters for norcaradiene reoptimized within CAS(b) are It is interesting that the pyramidalization of the methylene group
listed in Table 1. The zero-point energy correction, based on in the TS-a structure points in a different direction than one
CASSCF harmonic frequencies, shifts the energy toward TS-f would expect. That is, the TS-a pyramidalization is inverted
by another 1.2 kcal/mol. The calculated activation entropy was from the pyramidalization in NCD when the C7C1 bond breaks.
1.8 cal/mol/K higher for TS-f than for TS-a. Since the zero-point energy correction calculated from the
The MROPT2 method of multi-configuration perturbation CASSCEF force field was found to stabilize the TS-f structure
theory” was applied at the CASSCF geometries to see if it slightly, the force constant elements of TS-f and TS-a were
would improve upon the CASSCF energies for all three points compared. To obtain a physically meaningful comparison, both

2|R intensity in km/mol.
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Table 5. CASSCF and B3LYP Geometry Parameters of TS-a, TS-f, TS-t, andy@Sransition States in 6-31G* Basis Set (Bond lengths in
A and Bond Angles in deg)

TS-forbidden TS-allowed 5 TS-Hyd
parameter CAS(b) B3LYP CAS(b) B3LYP CAS(d) B3LYP CAS(c) B3LYP

r(C7H8) 1.073 1.085 1.076 1.086 1.076 1.076 1.440 1.446
r(C6H6) 1.114 1.105 1.089 1.109 1.213 1.165 1.075 1.087
r(C6C7) 1.509 1.510 1.550 1.517 1.504 1.498 1.500 1.502
r(C1Ce) 1.513 1.515 1.511 1.514 1.455 1.472 2.495 2.497
r(C1C2) 1.367 1.368 1.367 1.367 1.380 1.375 1.396 1.397
r(C2Cs) 1.426 1.419 1.421 1.417 1.407 1.409 1.396 1.397
r(C7C1) 2.478 2.478 2.459 2.450 2.573 2.580 1.423 1.424
r(C5C6) 1.513 1.515 1.550 1.517 1.504 1.498 1.336 1.334
O(C7C6H®6) 107.74 107.25 110.63 110.13 72.17 78.75 121.31 120.92
0J(C5C6C7) 110.17 109.99 106.86 107.86 120.81 120.62 112.87 113.25
o 128.11 127.71 121.00 123.13 163.33 160.53

CH; pyram 0.00 0.00 —-17.96 —8.94 +22.41 +19.51

Table 6. Summary of DFT, CAS, and MROPT2 Calculations with 6-31G* Basis Set

B3LYP CASSCF

state on PES energy ZPE energy ZPE MROPT2 exptl [ref]
cycloheptatriene 0.00 0.00 0.00 0.00 0.00 0
norcaradiene 6.48 +0.15 11.84 +0.61 7.32 417]
TS-iso 10.02 —0.58 21.63 —0.45 8.90 11 [7]
TSa 48.60 (47.39) —3.93 47.30 —3.65 50.05
TS 47.69 (48.019 —3.92 47.04 —4.83 51.90
TSt 54.45 (49.6M —4.82 60.85 —4.88 51.92 51 [6]
TS-hyd 40.57 —3.08 60.19 —3.02 38.70 311[9]
TSinv 5.24 +0.02 6 [8]
TSt 93.20 (89.02) —6.11
toluene —35.81 —0.06 —33.50 -0.17 —35.71 —32[41]
p-isotoluene —4.47 —0.46 —10[41]
norboradiene 20.27 +0.36 14 [41]

aRelative energy in kcal/moP. Spin projected B3LYP energies using the method of ref 37.

TS-a and TS-f quadratic Cartesian force fields were transformedon calculations performed on the triplet state. Recently, it has
into the same set of nonredundant natural internal coordifates. been reported that such a projection of the spin contamination
In general, the force constants show high transferability betweenfrom unrestricted DFT calculations improves the agreement of
transition states. There are, however, a few interesting differ- calculated data with experimental d&taOther reports claim
ences. It has been found that the ring CC stretches are slightlythat this method should not be used for DFT calculations on
stiffer in TS-a than in TS-f. Similarly, the C6H6 stretch is stiffer diradical$8 since the exact functionals would yield energies with
in TS-a than in TS-f. Only the C6C7 stretch force constant is no spin contamination. The projected energies of TS-a, TS,
significantly stronger in TS-f than TS-a. This bond is also shorter TS-t, and TS‘t are reported in Table 6 and the Supporting
in the TS-f structure by about 0.04 A. This indicates a stronger Information. At TS-f, the triplet state lies below the UB3LYP
bond that might lead to stabilization of the TS-f structure over “singlet”, so projection raises the estimated energy of the true
TS-a. Among the angle deformations, there is one negative forcesinglet. At Ts-a, the triplet is higher in energy, so projection
constant for TS-a and TS-f. The negative force constant in the lowers the estimated energy of the true singlet. As a result, the
TS-a structure corresponds to rotation of the methylene group.sign of the difference between TS-f and TS-a is reversed by
In the TS-f structure, the negative value corresponds to this method of spin projection. The UB3LYP calculation
pyramidalization of the Ckigroup. As expected, these force approximates the lowest state wih = 0 (whereM is the
constants contribute the most to the normal mode with the eigenvalue of the spin operat89). If the arguments against
imaginary frequency, and define the reaction coordinate for TS-a spin projection were applied in the case when the triplet state
and TS-f states. Thus, for TS-a, rotation has an imaginary is the ground state, then the unprojected energy should be
frequency of 22D cm™! and pyramidalization has a real regarded as an approximation to thle= 0 component of the
frequency of 631 cmt while for TS-f rotation has a real triplet. If exact functionals were available this would be the
frequency of 273 cm! and pyramidalization has an imaginary same energy as tHd = 1 component.

frequency of 38Dcm*. It is quite possible that the H6 hydrogen in the TS-a structure
For a qualitatively correct treatment of a potential surface easily undergoes a tunneling process to form a transition state
involving diradical transition states such as TS-a and TS-f as (Ts.t) for toluene formation. This transition state has been
well as TS-tand TS-tiscussed later in this study, Noodlerfan  |ocated with unrestricted B3LYP calculations and reoptimized
and Yamaguchi et & proposed projecting out the spin-  ith CASSCF using the set of orbitals adapted for this transition
contaminated X or UMP energy of the “singlet” state based  state, CAS(d). Both TS-t and TS-a are true transition states with

(34) (a) Pulay, P.; Fogarasi, G.; Pang, F.; Boggs, JJ.EAm. Chem. only one imaginary frequency. Along the coordinate from TS-a
Soc.1979 101, 2550. (b) Fogarasi, G.; Zhou, X.; Taylor, P. W.; Pulay, P.

J. Am. Chem. S0d.992 114, 8191. (37) Goldstein, E.; Beno, B.; Houk, K. N. Am. Chem. S04996 118
(35) Noodleman, NJ. Chem. Phys1981, 74, 5737. 6036.
(36) Yamaguchi, K.; Jensen, F.; Dorigo, A.; Houk, K. @&hem. Phys. (38) Wittbrodt, J. M.; Schlegel, H. Bl. Chem. Phys1996 105 6574.

Lett. 1988 149 537. (39) Jarzeki, A. A.; Davidson, E. RJ. Phys. Chem. A998 102, 4742.
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to TS-t, the initially imaginary mode 'Abecomes real, and an
orthogonal mode Athat was initially real becomes imaginary.
The TS-t state was 13.6 and 5.8 kcal/mol (2.3 kcal/mol after
spin projection) above the TS-a structure in CASSCF and
B3LYP calculations, respectively. The experimental activation
energy for the TS-t transition state is 51.1 kcal/mol above the
cycloheptatriene ground state, which is similar to the B3LYP
calculated 54.4 kcal/mol value (49.6 kcal/mol after spin projec-
tion). Itis interesting that the pyramidalization in TS-t is reversed
from the intuitive direction and from TS-a. That is, the OBl
bent toward the migrating H6 hydrogen in TS-t (see Table 5
and Figure le).

+

(c) Suprafacial [1,5]Hydrogen Shift in Cycloheptatriene. \ ; » ':'
One of the most important competitive processes to the “walk” ‘\\ N

rearrangement is the suprafacial [1,5]hydrogen shift, easily f\’,'.-’; S :*/Ts f

it a TTTN TS

observed experimentally above 10Q using isotopomers of TS-f
cycloheptatriene. By studying the potential surface of cyclo-
heptatriene with B3LYP, we were able to locate the transition
structure corresponding to the hydrogen shift process (a migra-

tion from C7 to C4 in the numbering of Figure 1). Ti@&

structure found is a true transition state, since the calculations

of force constants indicate one imaginary frequency equal to

1519i cnt. The geometry of the transition state ¢hgd) found

with B3LYP calculations was used as an initial geometry to

find the transition structure at the CASSCF level of calculations.

The CAS(c) set of orbitals was used for these calculations. The
reoptimized Cs geometry of the transition structure, at the

CASSCEF level of calculation, is also a true transition state. For  1g_q
consistency of energetic comparisons, the same definition of
an active CASSCF space was used to reoptimize the cyclohep-
tatriene structure. The most important geometry parameters for
reoptimized cycloheptatriene within the CAS(c) orbital set are
listed in Table 1. Both optimized structures at the CASSCF level
were used for MROPT calculations of multireference per-
turbation theory to improve upon the CASSCF energy re-
sults. The summary of relative energy differences for these
calculations is presented in part c of Table 2. It has been found
that the MROPT2 method gives an energy barrier of 38.7 kcal/
mol. This energy barrier is comparable with the 40.6 kcal/mol
result found with B3LYP. The CASSCF energy barrier is Figure 3. (a) A schematic forbidden path and (b) a schematic allowed
significantly higher. The experimental study of the [1,5]- Path for the “walk” rearrangement.

suprafacial hydrogen shift gave the height of the barrier at about

TS-a

100.0

31 kcal/mol? which is still 8.0 kcal/mol less than the lowest 0o b — TSt
calculated result. soo b

Table 5 presents the most significant geometry parameters 700 b P E
for the transition state (T-8yd found for the [1,5]hydrogen o0 b ; ': ]
shift. There are no large differences in geometry between the ¢ TS-a . eemmT TS
CASSCF and B3LYP results. The Fr§ydstate shown in Figure § wo b TSThvd TS q i ]
1f has a “boat” conformation where two carbon atoms share ;3 w00 b [ i i n ]
the “pseudoaxial” hydrogen, which undergoes the rearrangement > [ Do P NBD
process. This result is in agreement with frequency calculations g o080 Ts-iso | \rsaiso |
of cycloheptatriene, where the “axial” hydrogen stretch has the 00F 5 TSy P A 3
lowest frequency among all CH stretches (see Table 3). 0o c:; C; CTT cHT nep PT 3
Interestingly, this stretch in the norcaradiene molecule changes ~ '°°f :
and becomes the highest fundamental frequency (Table 4). 200 ¢

(d) CHT Isomerizations. Exploration of the GHg potential 00k | Toluene :
energy surface (PES) was extended using just B3LYP to study 400

the interconversion of the “boat” conformation of cyclohep- rigyre 4. Relative B3LYP/6-31G* energies of calculated structures

tatriene and to study the transfer of hydrogen H6 across theon the GH; potential energy surface: CHT, cycloheptatriene; NCD,

ring to form 3-methylene-1,4-cyclohexadieneigotoluene). In norcaradiene; NBD, norboradiene.

addition, the energy of norboradiene has been calculated. B3LYP

and CASSCEF calculations for selected points of the PES are methods of calculation in Table 2. Every transition state shown
listed in Table 6 and plotted in Figures 4 and 5. Some of these in Table 6 has one imaginary frequency, and every minimum
results have already been compared with energies from otherhas only real frequencies.
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80.0 Conclusions
CAS(d)
700 F

Toot 3 The B3LYP results for the “walk” process give the TS-f
I E transition state to be more stable than the TS-a state by about
' 1 0.9 kcal/mol. Both paths give a large spin density for a singlet
state and the spin-corrected result actually has the oposite sign.

| Similarly, CASSCF results give TS-f more stable by 0.3 kcal/
i mol but MROPT2 reverses this when evaluated at the CAS
! ] geometry. While these methods all agree that TS-f and TS-a

60.0 F

50.0 F

40.0 ¢

30.0

20.0 f

10.0 |

Energy [kcal/mole]

differ in energy by<1 kcal/mol, they are not sufficiently precise
to allow the sign of the difference to be predicted. The B3LYP
transition state for the isomerization of cycloheptatriene to
norcaradiene (T$50) has been found 10 kcal/mol above the
cycloheptatriene ground state. This agrees reasonably well with
Toluene — | 1 the experimental activation energy of 12 kcal/mol and the
_40.0 7 MROPT2 value of 9 kcal/mol. As Table 6 shows, the MROPT2
Figure 5. Relative CASSCF energies of calculated structures on the results seem consistently more reliable than CASSCF and quite
C;Hs potential energy surface. comparable to B3LYP.
The B3LYP transition state for the [1,5]suprafacial hydrogen
The activation energy of inversion of cycloheptatriene has Shift (TShyd has been found about 37 kcal/mol above the
been determined experimentally by NMR kinetic study and 9round state of cycloheptatriene after zero-point correction. This
found to be about 6.3 kcal/mBIThe calculated transition state ~ 'eSult is 6 kcal/mol higher than the experimental data, but is in
found for this process (F81) hasCy, symmetry and is 5.2 good agreement with MROPTZ calculations. The calcglated
kcal/mol above the ground state of cycloheptatriene. No B3LYP route for formation of toluene from norcaradiene
experimental evidence for the “chair’ conformation has been INVOIVes a transition state (TS-f), which is about 43 kcal/mol
found, but recently the geometry and energy of the “chair” higher _than the ground state_of norcarz_idlene afte_r zero-point
conformation has been reported for a calculation using the correction. The B3LYP relative energies of various stable
Hartree-Fock method?® We were not able to reproduce this ISOMers of GHg reported in this paper differ from the ex-
result and could not find any “chair” minimum using either the Perimental relative enthalpies by as much as 6 kcal/mol. Thus
HE or the B3LYP formalism. at points where B3LYP is spin stable, the relative error between
(e) p-Isotoluene Formation. Thevicinal shift of the hydrogen greatly.dlfferent molecular structures |s.§ keal/mol.
a relatively low activation energy compared with the transfer rearrangement in the formation of toluene has been shown to
of this hydrogen across the ring to formisotoluene. The  be possible. The scaled quantum mechanical (SQM) force field
transition state for this latter process (TBHas been found with ~ Procedure has been applied to the B3LYP/6-31G* force constant
Cs symmetry about 86.8 kcal/mol above the ground state of Matrix of CHT and NCD. This shows that NCD has some
norcaradiene. The energy calculateddasotoluene is 4.5 kcal/ ~ Vibrational frequencies that might be detected even in the
mol lower than that of CHT although the experimental heat of Presence of a large excess of CHT.
formation ofp-isotoluene is 10 kcal/mol less than that of CHT. .
Further, the experimental heat of formation of NBD is 13.8 kcal/ Acknowledgment. This vv_ork was_supported by _Grant No.
mol greater than that of CHT while the B3LYP energy CHE-9613944 from the National Science Foundation (E.R.D.)
difference is 20.3 kcal/mol. On the other hand, the B3LYP and DE-FG02-95ER145-11 from the Department of Energy
energy of toluene is 35.8 kcal/mol below that of CHT while (3.3.G).
the experimental heat of formation is 32 kcal/mol below, which Supporting Information Available: Tables of optimized
. X . :
Ef;glraet:]\gybzfxggﬁq&]e:;ge(;jitlh dljiff’etrré?]tB;é_an/s?ri?ézlalGarijngg)c/- coordinates and_ energies from all _calculations, full ta_lbles of
tronic structures has an uncertainty of around 6 kcalimol. scaled frequenc_:les for cycloheptatriene and norcaradiene, and
figures comparing force constants for TS-a and TS-f (PDF).
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