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Isomerizations of Bicyclo[2.1.0]pent-2-ene and Tricyclo[2.1.0%5]pentane into
Cyclopenta-1,3-diene: A Computational Study by DFT and High-Level ab Initio Methods
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The thermal isomerizations of bicyclopenteibef) and tricyclopentanet¢p) into cyclopentadienec) are
investigated by a combination of DFT, CASSCF, CASSCF-MP2, and CR-CCSD(T) methods. Coupled-clusters
and B3LYP methods predicted the reaction enthalpies excellently whereas the MCSCF method worked well
only when dynamic correlation energy was taken into account. Both processes are concerted, and the reaction
paths pass through transition states with high biradical character. Measures of biradical character in DFT and
ab initio methods are discussed. The activation enthalpy in the rearrangeniemt ioto cp was predicted

by the CR-CCSD(T) method to be 25.5 kcal/mol, in good agreement with experiment. The UB3LYP functional
also performed well in this case despite the high spin contamination that was present in the singlet biradicaloid
transition state. The reaction enthalpy for the conversiaticpinto cp was predicted to be-63.7 kcal/mol.

The transition state involved in the isomerizationtgb was found to be nearly degenerate with the triplet
state causing less certainty in the estimated activation enthalpy of 48.3 kcal/mol.

Introduction SCHEME 1

Bicyclo[2.1.0]pent-2-enebp), first prepared in 1966 by Sn 3 u 2
Brauman, Ellis, and van Tameléhjs a strained, small-ring w - [W] - 1@4
hydrocarbon of unusual structure. It was obtained from the 1 2 2 3
photolysis of cyclopentadienef) by a procedure that was bep ts_bep P
subsequently refined by Baldwin’s groupo that it could be 2 2 +
secured in quantities sufficient for synthetic utilization and other 1 4 |y W
experimental work. That the photolysis mixture also contained 2 3 2
tricyclo[2.1.0.39pentane fcp), another photoproduct of cy- p ts t3cp cp

clopentadiene, was later discovered by Andrews and Bafdwin
in 1977. The proportions afp:bcp:tcp in the photolysis mixture ) L
were approximately 14:7:1. Whether cyclopentadiene or bicy- "€action enthalpy dbcp to cp conversion is also knowh;-47.8

clopentene is the immediate precursor of tricyclopentane was+ 0-5 kcal/mol at 25°C.
not established. To our knowledge, only limited computational studies of the

ring opening ofbcp into cp have previously been made.
conversion back top. Brauman and Goldéhcinvestigated the Independent MINDO/3 calculations gave results at variance with

kinetics of this rearrangement at temperatures between 26.0 andach othef® Skancke, Yamashita, and MorokufneSYM)
108.4°C and reported lodg(s ) = [(14.2 + 0.2) — (26.9+ reported ab initio calculations on the reaction and activation
0.3)]/2.30RT. They assumed that the reaction involved bridge- energies of this reaction as part_of their studies on the walk
head bond cleavage in a disrotatory sense, a hypothesis violating®&rrangements dicp. They obtained good agreement with
the Woodware-Hoffmanr? (W—H) rules of electrocyclic reac- ~ €XPeriment using the (U)MP4/6-31G(d)//(U)HF/3-21G meth-
tions, according to which the allowed process is the conrotatory ©d0logy. The transition structure (TS) in the ring-opening
rearrangement as in the conversion of cyclobutene to butadieneProcess has a high degree of biradical (multireference) character
There was a long debate lasting a decade about the reactior?S have the TSs involved in the walk rearrangements. In
mode followed in the isomerizatidif:5 Recognizing the pres- ~ connection with the latter TSs, SYM’s use of spin-contaminated
ence of steric constraints, researchers experimentally testedHF wave functions for the description of biradical states was
alternate W-H allowed pathways (e.g., hydrogen shift). Finally, crmuzed_ by Jensetf, who concluded that UHF-bas_ed me;hods
13C |abeling experiments carried out in 1977 by Andrews and 9ive deviating results, and the MCSCF method is required to
Baldwire ended the controversy over the reaction mechanism freat both closed-shell and biradical states on equal footing. The
in favor of the disrotatory, disallowed biradical process (Scheme results obtained by SYM for the ring opening fitp might
1). Thus, the isomerization dicp constitutes a counterexample ~ thus be fortuitous.
to the W—H rules. The molecular structure btp has been Both the semiempirical calculations and SYM'’s work con-
determined by its microwave spectré#nThe experimental sidered only the potential energy minirbap andcp and the
saddlets_bcpstructures. The complete reaction path froop

* Corresponding author. E-mail: ilker@metu.edu.tr. Tel:90)- to cp has never been followed. This is important because it has
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The main interest inbcp stems from its facile thermal
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place in a concerted manner (i.e., the reaction path must pass<C—C bonds in this molecule. It is possible to select the two

through intermediatés?). bonds either as that pair related byCarotation or as another
There have been several experimental studies of the thermalpair related by thes, plane. The two selections distort 2,
rearrangements dtp and its derivatived!~18 Unfortunately, symmetry oftcp into C, andCs symmetries, respectively. The

no experimental reaction parameters are available for the ring CAS44 calculations reported in this paper refer to the former
opening of this molecule. We are not aware of any high-level choice. To maintain th€,, symmetry oftcp, it is necessary to
computational investigation of the rearrangement procegpin take all four equivalent bonds into account, giving the (8e, 80)
From a theoretical point of view, ring openingticp is a more CASS88 for a total of 1764 CSFs. As in the CAS44 case, full
challenging task than that in bcp because the former processIRC calculations at the CAS88 level were performed to verify
involves the homolytic cleavage of two bonds whereas the  the continuous deformation of CAS at all points on the PES
latter has only one bond broken. The TS(s) and any intermedi- explored in this work.
ates if they exist are expected to have a substantial amount of Even the computationally demanding CAS88 method recovers
biradical character. Furthermotep hasC,, symmetry, having  only a small portion of the correlation energy (called the “static
four equivalent G-C o bonds of which two are to be broken correlation”). To handle the dynamic correlation, we used the
during the reaction. Even though four electrons are actually single-state multireference MollePlesset second-order per-
involved in the process, the presence of four equivalent bondsturbation theory (MP2) of Hirao and Nakafbas implemented
complicates the theoretical analysis. in the GAMESS program. The MP2 calculations with the
The present study is particularly aimed at determining the CASSCF reference at CASSCF/6-31G(d) geometries are de-
characteristic features of that portion of the potential energy noted by CAS44-MP2 and CAS88-MP2 for the two active
surface concerning the three closed-shell spemedcp, and spaces, respectively.

tcp in Scheme 1. Because of the presence of biradical TSs on Al force constant (Hessian) computations in both the DFT
the reaction paths, it is not clear at the outset whether a singleand CASSCF methodologies were carried out analytically using
method (e.g., DFT or MCSCF) is capable of handling all of the Gaussian 98 prograth All stationary structures reported
the five species involved with comparable accuracy. To cross- in this work were fully optimized at the (U)B3LYP, (U)BPW91,
check the validity of the results predicted by different methods cAS44, and CAS88 levels. Transition structures were identified
and assess the possible errors, we here report calculations at gy the occurrence of a single imaginary vibrational frequency
number of different levels of theory. Specifically, by combining  at the stationary geometries (minima have none).

the predictions of DFT, CASSCF, multireference Motter To assess the amount of correlation energy recovered by DFT
Plesset perturbation theory (CASSCF-MP2), and coupled- 54 cASSCF-MP2 methods at different points on the PES and
clusters (CC) methods, we hope to obtain reliable values for o to decide whether the approximate PESs generated by
the reaction parameters. various methods are parallel to the exact PES, we need reliable
reference energies against which we may compare the predic-
tions of these methods. For this purpose, we employed the

Pople’s 6-31G(d) split-valence basis'8&was used through- complete_ly rer_10rma|ized (CR) coupleq-cl_uster theory of_Piecgch
out. DFT calculations employed the (U)B3L¥F2 and (U)- et aI._ with S|_ngle and_ double excitations and noniterative
BPWO23 functionals as implemented in the Gaussian 98 inclusion of triples? This method, denoted by CR-CCSD(T),
program?* The former functional is generally regarded as an IS also implemented in the GAMESS progréfrDespite the
effective and economical means for comparing the structuresfact that it is a single-reference method based on the closed-
and energetics in both concerted and stepwise rearrangemen%he"_RHF determinant, it appears to yield e_xcellent r(_esults even
processed However, its validity in cases that involve species for biradical structures that normally require a multireference
with a relatively high degree of biradical character has recently treatment?
been questioned by Staroverov and David8am connection The correlation energy of speciésecovered by a given
with the extensively studied Cope rearrangenténthey methodm is defined as the difference in the calculated energy
concluded that the tight diyl intermediate predicted by the spin- from that using the RHF methoBorri(m) = Ei(m) — E(RHF).
contaminated UB3LYP method in the Cope rearrangement was This definition will be used below to compare the performance
probably spurious and conjectured that the problem might be of the ab initio methods. To include the DFT methods in the
due to the contribution of the UHF exchange in the B3-hybrid comparison, we choose a reference molecule and define a
exchange functionals. Staroverov and Davidson suggest that therelative correlation energy b¥Ecorj(m) = Ecorrj(mM) — Ecorr rer
pure (U)BPW91 functional provides a more reliable method in (m). The reference used in our calculations was the cyclopen-
such cases. tadiene molecule.

CASSCF calculations were carried out mainly by the A biradicaf® (or diradical) is a molecule in which the unpaired
GAMESS progrant® Two different sizes of the active spaces electrons are localized at atomic centers separated by a relatively
were used, denoted as CAS44 and CAS88. The CAS44long distance. The two spins are only weakly coupled with the
consisted of four electrons in four orbitals, (4e, 40), yielding consequence that the singlet and triplet states of the system are
20 configuration state functions (CSF) when symmetry is not nearly degenerate. Thus, the singl&tplet (S—T) energy gap
used. The active orbitals were the faurMOs in the case of or [Fvalue obtained by a spin-unrestricted method may be
the planar cyclopentadiene structure. The orbitals at all other used as qualitative measutesf biradical character in a
points on the PES were in accord with those atdbstructure. molecule. As the ST gap decreases, the molecule acquires
Complete intrinsic reaction coordin&l¢IRC) calculations were more biradical character, an(calculated by UHF or UDFT
carried out to make sure that the correct active space wasincreases. For the ab initio methods, more quantitative measures
employed at less obvious structures suchigsand the TS are available in the literature. Jen&&proposed a biradical
connecting it tocp. The GAMESS program was used for this index, br= 2 — n,, wheren, is the occupation number of the
purpose. The active orbitals at thep structure were two sets  natural orbital corresponding to the HOMO. Staroverov and
of (o, 0*) orbitals corresponding to two of the four equivalent Davidson and othef$ suggested the use of what they called

Computational Methods
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TABLE 1: Electronic 2 and Zero-Point Vibrational® Energies (kcal/mol) of Various Species Relative to cp Calculated by
Different Methods Using the 6-31G(d) Basis Set

cp bcp tcp ts_bcp ts_tcp
(U)B3LYP® —194.101058 (58.29) 48.12-0.43) 64.47 0.62) 73.95{-2.96) 106.63{3.26)
(U)BPWOL —194.071896 (56.77) 44.540.41) 58.18 {-0.57) 72.04 £3.01) 102.75{3.16)
RHF —192.790176 50.65 66.63 95.49 145.37
CR-CCSD(Tj —193.486405 46.95 64.39 74.69 115.19
CCSD(Ty —193.494549 46.99 64.77 72.05 110.04
CAS4£ —192.846625 (61.30) 55.02 (0.02) 78.95 (0.32) 70:32.04) 114.98{1.99)
CAS44-MP2 —193.433949 50.18 71.85 72.25 113.75
CAS88 —192.899439 (61.26) 58.66-0.43) 79.90 {-0.20) 77.322.59) 121.01¢2.41)
CAS88-MP?2 —193.426281 47.32 67.32 69.52 109.89
(U)B3LYPY —194.153720 (57.84) 49.35-0.51) 66.47 0.67) 74.723.02) 108.19{3.40)
CCSD(Ty —193.608951 46.04 63.23 70.48 108.96

2 Electronic energies for the reference molecule are in hartree8ZPVEs in kcal/mol are shown in parentheses. ZPVEs of species other than
cp are relative to that ip. ¢ Calculated at the (U)B3LYP optimized geometrigé€alculated at the (U)BPW91 optimized geometrieGalculated
at the CAS44 optimized geometrié<Calculated at the CAS88 optimized geometrfes:311G(d,p) basis set.

the “density of effectively unpaired electrons” as a probe of
the biradical character. A Mulliken population analysis of this
density gives effective numbers of unpaired electrons associatec 4 g
with each atom. The latter coincide with Mayer's free valéfice ~ (1.503)
in the case of singlet staté%.The free valences were calculated 1%
at the CAS88 level by the HOND® program.

Results and Discussion

. - . . . 344
Reaction and Activation Energies Density functional theory [:_245)

and CASSCEF calculations agreed on the fact that both processel ¢, [1.34]
occur in a concerted manner as verified by following the #
complete IRCs (i.e., no intermediates were present along the
reaction pathways). The main geometrical paraméterfsthe

five stationary species (three minima and two TSs) optimized  1.506
at the (U)B3LYP and CAS88 levels employing the 6-31G(d) (%1%
basis set are shown in Figure 1. The electronic and zero-point
vibrational energies (ZPVE) of all species calculated by different
methods are conveniently summarized in Table 1. Coupled- 1505
clusters values in Table 1 refer to single-point calculations at .
the (U)B3LYP optimized geometries. Similarly, CAS44-MP2
and CAS88-MP2 calculations were carried out at the CAS44
and CASB88 optimized structures, respectively. To address thets_bcp (Cs) ts_tep (Cy)
basis set effects, the structures of all five species were
reoptimized at the (U)B3LYP level using the 6-311G(tfbpsis

set. The new geometri€swere virtually identical to those at
the (U)B3LYP/6-31G(d) level. We also computed CCSD(T)
energies employing the 6-311G(d,p) basis set. The maximum
difference between CCSD(T)/6-31G(d) and CCSD(T)/6-311G-
(d,p) relative energies was 1.5 kcal/mol. It appears that basis
set effects are rather minor for the species considered in this
work. The B3LYP and CCSD(T) results with the 6-311G(d,p)
basis are given in the last two rows of Table 1.

The three moleculesp, bcp, andtcp are considered first. FFigure 1. Selected interatomic distances (A) and point groups for
Geometries of these species predicted by the DFT and CASSC specie' shown in Scheme 1. The uppermost values refer to the

methods were in satisfactory agreement with each other asygs|yp geometry. The corresponding CAS88 values are indicated
assessed by doing CC calculations. For each species, CR-CCSDinside parentheses, and the experimental values (when available) are
(T) energies of the structures optimized by DFT and CASSCF shown inside square brackets (ref 2¢c bmp and ref 42 forcp).
methods were the same within 1 kcal/mol. In assessing the

relative energies predicted by a given method, we will use the extensive CAS88 methods placed the energidscofandtcp
highly accurate CR-CCSD(T) values as our reference energies.too high relative to that otp, differing from CC values by

It is seen from Table 1 that the B3LYP functional performs 8.1—11.7 and 15.5 kcal/mol ibcp andtcp, respectively. It is
excellently. The nonhybrid BPW91 functional is not as good, interesting that the much more flexible CAS88 is worse than
giving the energies dicp andtcp relative tocp by 2.4 and 6.2 CAS44 in the case olbcp, a fact clearly indicating that the
kcal/mol, respectively, too low. We note that in these closed- inclusion of dynamical correlation is much more important than
shell species both functionals were stable toward spin-symmetryenlarging the CAS. Indeed, taking the dynamic correlation into
breaking (i.e., energies could not be lowered by relaxing the account by the CASSCF-MP2 method brings both CASSCF
spin restriction and hend& = 0). Both the CAS44 and the  energies within a few kcal/mol of the CC values, with CAS88-

(1.477)
[1.465]

cp (Cz)
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TABLE 2: Correlation Energies of Various Species at have the largest correlation energy among the three. Conse-
(%)B3LYP/6-§%((Q Optimized Structures as Predicted by the quences of such behavior are quantified in Tabfé &hich
ab Initio Methods gives the relative correlation energiesHcorj(m)) in kcal/mol

C/j)/544 CAS‘(}/4-MP2 C/E/S88 CAS§/8-MP2 CFli(-CSSDI(T) as predicted by all methods considered in this work. It will be
(%) (%) (%) (%) calimo observed that the CAS88 predictions for the relative correlation
ggp 2-8 gi-g 122 gi-i :ﬁg-gg energies irbcp andtcp are in error by about 12 and 16 kcal/
tcp 51 91.0 123 90.8 _43914 mol, respectNer._ It_should also be noted _that the_ B3L_YP and
ts_bcp  13.2 94.2 18.9 93.7 —457.70 CAS88-MP2 predictions for these two species are in satisfactory
ts_tcp  14.3 94.1 20.1 93.7 —467.07 agreement with the CC values.
average 9.5 92.7 16.1 92.2 —448.28

The reaction enthalpies at 298 K calculated by various
2 CASSCF and CASSCF-MP2 values are given as percentages ofmethods for the rearrangements twfp and tcp into cp are
those in the CR-CCSD(T) column. collected in Tables 4 and 5, respectively, which also include

. . the activation enthalpies to be discussed in the sequel. As stated
MP2 working somewhat better. It will be noted from Table 1 above, the experimental value for the conversiorbag into

that the RHF energies of the stable species calculated at the o i -
B3LYP geometries are within 3.7 kcal/mol of the CC values, Cpat25°C is ~47.8 kcal/mol. The predictions by RHF, B3LYP,

. X CC, CAS44-MP2, and CAS88-MP2 methods are within roughl
an accuracy approaching that of CAS88-MP2. Evidently, the 1.5 kcal/mol of the experimental value, and they all ma;? bél
total correlation energies iop, bcp, andtcp must be nearly ) X

the same. In light of this fact, the poor performance of CASSCF cons[[c.ite;gd :jo tbe. equgtlllyglg(;odtéTable 4)"Nr? e.xp;erlmental
can be understood. The fraction of correlation energy recoveredg\uan a |veh a i'sgéa' a d('e _orm N ?'lvgsé% lfpf III/1 0 (ltp_.
by CASSCEF is significantly dependent on the molecule con- ssuming that the predictiolti, = ) cal/mol) is
sidered (i.e., the CASSCF method does not recover the Samenearest to the actual one, .RHF’. B.SLYP’ and CAS88-MP2
fraction of the correlation energy at different points on the PES). perform .reasonably well, being within 3 kcal/mol of the CC
Table 2 shows the total correlation energigs;(m)) of all value, \_N'th B3LYP closes.t to_ cc (Table_ 5).
five species as predicted by the ab initio methods. Calculations ~Turning now to the activation enthalpies, for the rearrange-
in each row of the table were performed at the (U)B3LYP mentofbcp into cp (Table 4), the experimentalH* is 26 kcal/
optimized geometry of the relevant species. The last column of mol. The CC prediction is 25.5 kcal/mol with the UB3LYP and
the table gives the CC values in kcal/mol, which will be used UBPW9L1 values of 23.6 and 25.2 kcal/mol, respectively, nearly
as reference data. As stated before, the three stable species hawgaralleling CC in accuracy, and the CASSCF-MP2 value is 20.2
similar correlation energies, withcp andtcp having slightly kcal/mol for both CAS44-MP2 and CAS88-MP2, being about
more (3.7 and 2.25 kcal/mol, respectively) thgm On the 5 kcal/mol too low relative to CC. The good performance of
average, the CASSCF methods recovered only 9.5 and 16% ofthe broken-symmetry spin-unrestricted DFTtinbcp comes
the correlation energy with CAS44 and CASS88, respectively. as a surprise because there is a significant amount of biradical
CASSCF-MP2 was much better, the correlation energy recov- character in this species by all measures mentioned above (vide
ered reaching about 92%. A serious problem with CASSCF is infra). The vertical ST gaps ints_bcp as calculated by various
its uneven recovery of the correlation energy. Thus, even thoughmethods are given in the first row of Table 6. For the DFT
cp, bep, andtcp have similar CC correlation energies with the methods,[Fvalues are also shown in parentheses. It should
first species having the least amount, CASSCF predipt® be noted that each method in the table employed its own

TABLE 3: Relative? Correlation Energies (kcal/mol) of Various Species at (U)B3LYP/6-31G(d) Optimized Geometries Predicted
by Different Methods

(U)B3LYP (U)BPWI1 CAS44 CAS44-MP2 CAS88 CAS88-MP2 CR-CCSD(T)
bcp —2.53 —6.14 4.67 —0.17 8.56 —3.58 —3.70
tcp —2.17 —8.50 12.76 4.69 13.77 0.45 —2.25
ts_bcp —21.54 —23.93 —25.47 —26.82 —18.62 —29.37 —20.81
ts_tcp —38.74 —42.96 —31.98 —34.96 —25.96 —38.20 —30.18

@ AEqorj (M) relative tocp.
TABLE 4: Activation and Reaction Enthalpies (kcal/mol) for the Rearrangement of bcp into cp at 298 K at Different Levels of
Theory Using the 6-31G(d) Basis Set
UB3LYP UBPWO1 RHE CR-CCSD(T} CAS44 CAS44-MP2 CAS88 CAS88-MP2 exptl

AH* 23.56 25.22 42.58 25.47 13.32 20.05 16.64 20.18 d 26
AH; —47.66 —44.09 —50.19 —46.49 —54.94 —49.73 —58.20 —46.86 —47.8

2 Calculated at the (U)B3LYP optimized geometries and (U)B3LYP ZPVEs and thermal corrections afeGededlated at the CAS44 optimized
geometries and CAS44 ZPVEs and thermal corrections are tiSedculated at the CAS88 optimized geometries and CAS88 ZPVEs and thermal
corrections are used Reference 1b and ¢ (measurements in the range of 299 K). € Reference 6 (at 298 K).

TABLE 5: Activation and Reaction Enthalpies (kcal/mol) for the Rearrangement of tcp into cp at 298 K at Different Levels of
Theory Using the 6-31G(d) Basis Set

UBBLYP UBPW91 RHE CR-CCSD(T} CAS44 CAS44-MP?2 CAS88 CAS88-MP2
AH* 39.67 42.13 76.25 48.31 33.82 40.47 39.01 40.48
AH; —63.73 —57.49 —65.90 —63.65 —79.03 —70.80 —79.52 —66.94

a Calculated at the (U)B3LYP optimized geometries and (U)B3LYP ZPVEs and thermal corrections areGCamledlated at the CAS44 optimized
geometries and CAS44 ZPVEs and thermal corrections are ti€zdculated at the CAS88 optimized geometries and CAS88 ZPVEs and thermal
corrections are used.
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TABLE 6: Vertical Singlet —Triplet Splitting Energies?@ in kcal/mol and Spin Contaminations ($for Singlets in Parentheses)
in DFT Methods of the Transition Structures

UB3LYP® UBPWOE CAS44 CAS44-MP2 CAS8® CAS88-MP2
ts_bcp 10.95 (0.684) 6.94 (0.741) 6.30 4.53 6.24 4.85
ts_tcp 2.65 (0.889) 3.12 (0.935) —1.49 —3.42 —2.32 -3.02

3 AE = Egiplet — Esingles Using the 6-31G(d) basis set and not including ZPVE3alculated at the UB3LYP optimized singlet geometries.
¢ Calculated at the UBPW9L1 optimized singlet geometti€alculated at the CAS44 optimized singlet structuté3alculated at the CAS88 optimized
singlet structures.

optimized geometry of the singlet biradical at which theTS
gap was computed. All methods predict the ground state of
ts_bcp to be a singlet. At the UB3LYP geometry, the-$ gap

is a small 10.95 kcal/mol with a high spin contamination of

Triplet

f

[(¥0= 0.68 in the singlet. The singlet RB3LYP energy at the J,Z‘JL?;) Singlet
UB3LYP geometry was calculated to be 5.55 kcal/mol above tep

the spin-unrestricted energy. The biradical character is overes- cp
timated by the CASSCF method, as also reflected in its ,
prediction of TS geometry. Thus, referring to Figure 1, one sees Reaction coordinate

that the C+C4 distance in the CAS88 bcpis 0.14 A longer Figure 2. Qualitative behavior of the minimum energy path in the
than that predicted by UB3LYP. More bond breaking at TS is isomerization oftcp, showing the intersystem crossing.
predicted by CASSCF, which in turn implies more localized
spins. Because of the longer distance between the radical centerdRC quickly crosses into the triplet surface at a reaction
the spins in the CASSCF TS have a weaker coupling than in coordinate (rxc) value of 0.4 arHeétbohr on thecp side of the
UB3LYP, with the result that the ST gap at the CASSCF TS and crosses out of itat rxe 1.7 am’2pohr. The minimum
geometry is smaller (Table 6). of the nearby triplet surfaégis calculated to be about 3 kcal/
Nevertheless, the CASSCF calculations provide more insight mol below the singlet saddle point at both the UB3LYP and
into why the path betweeop andbcp is W—H forbidden. It CAS88-MP2 levels. The structure of the molecule at the triplet
suffices to consider CAS44 IRC results for this discussion. Minimum is quite similar tats_tcp. At the singlet UB3LYP
Denoting the fourr MOs* of planarcp by 71, w2(HOMO), saddle point where the triplet lies higher in energy, theTS
75(LUMO), and 74, the wave function (for the four active ~ 9ap is calculated to be 2.65 and 3.79 kcal/mol by the UB3LYP

electrons) ofcp is and CAS88-MP2 methods, respectively. The latter value should
be more trustworthy because CASSCF-MP2 preserves the spin
Cl[ﬂlznzz] — Cz[ﬂlznsz] symmetry. As expected, the spin contaminati@#1= 0.89,
in UB3LYP is higher than that is_bcp.
In cp, C; > 0.95 and G < 0.2. Along the IRC fromcp to The heats of formation d6_tcp relative to those ofcp (i.e.,
ts_bcp, the originalzr orbitals continuously distort their shapes the activation enthalpy) calculated at different levels of theory
with a concomitant change in coefficients &d G.*> Shortly are given in the first row of Table 5. The lack of experimental

before reachingts_bcp the second configuration becomes data makes it difficult to judge the reliability of these values.
dominant (i.e., @ > C,). At the transition structure, C~ 0.4 The UB3LYP and CASSCF-MP2 predictions are in close
and G ~ 0.9. On continuing the path froms_bcpto bep, the agreement with each other, and the UBPW91 estimate is within
dominance of the second configuration remains intact. Thus, 2 kcal/mol of the former values. Shall we trust the UB3LYP
the forbidden nature of the interconversion is due to the abrupt result, especially considering its unexpected success in the case
change in the dominant configuration while climbing the barrier of ts_bcp? The answer appears to be no. Reference to Table 1
from cp to bep (on thecp side of TS). shows that the agreement among UB3LYP, UBPW91, and
Ring opening of theC,,-symmetrictcp into the transition CASSCF-MP2 is due to fortuitous cancellations. Although the
structure,ts_tcp, takes place in the following manner. (See success of computational chemistry is largely dependent on the
Figure 1 and the numbering in Scheme 1.) One of the two systematic cancellation of errors, there are inconsistencies in
equivalent carbons at positions 1 or 4 rotates aroundChe  our case. The high-level CC calculations employing the same
axis. Taking C4 as the moving carbon (together with its geometries as in UB3LYP predict an activation enthalpy that
hydrogen), its rotation continues until it becomes approximately is 8 kcal/mol higher. Of course it is possible that the CC
coplanar with C1, C3, and C5. In the meantime, C2 rotates calculations are in error because the CR-CCSD(T) method we
around the C+C3 bond outward so that the EZ3—C1—-C5 used is based on the RHF determinant and hence it may be
torsion angle increases by 212t the UB3LYP level (23.8at unable to handle the multireference nature of the wave function
CASB88) wherts_tcpis reached. The net effect is the breakage in ts_tcp. However, the TS under consideration effectively
of the C2-C4 bond while the length of the GAC3 bond contains one broken bond, and as mentioned before, CR-
increases by a minor 0.05 A (0.1 A at CAS88). The-@I3 CCSD(T) has been shown to be successful even in the case of
bond is broken on thep side of the reaction path, accompanied two broken bonds. Further evidence supporting CC comes from
by the formation of the twor bonds. the data in Tables 2 and 3. It is seen from Table 3 that the
Assessing the performance of various methods in predicting CAS88-MP2 method overestimates the correlation energy of
the relative energy ofs_tcp is not easy. The UDFT methods ts_bcp relative to that incp by 8.5 kcal/mol. At this geometry,
predict geometries at which the ground state is a singlet whereashe CR-CCSD(T) method (also UB3LYP) works excellently.
CASSCF predicts just the opposite (Table 6). The PESs Assuming that CAS88-MP2 overestimates the relative correla-
belonging to the two spin states are nearly degenerate in thetion energy of thets tcp structure by the same amount, an
vicinity of ts_tcp, and it is certain that they cross between the assumption supported by the data in Table 2 (93.7% recovery
UDFT and CASSCEF structures (Figure 2). Indeed, the UB3LYP in both TSs), we conclude that the CC results are probably
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TABLE 7: CAS882 Mulliken Effectively Unpaired Electron calculations on ethylene and benzene yielded -80.67 un-
Populations and Biradical Indiceg:° paired electron on each carbon atom.
cp bcp tcp ts bcp ts tcp Referring to thés_bcpandts_tcp columns of Table 7, there

Cl 0.18(0.19) 0.10(0.11) 0.10(0.11) 0.57 (0.80) 0.13 (0.16) is a marked accumulation of unpaired electrons on the ca_rbon
C2 0.17(0.18) 0.21(0.22) 0.11(0.12) 0.23(0.27) 0.80(0.94) atoms of the cleaving bond. The number of free spins predicted
C3 0.17(0.18) 0.21(0.22) 0.11(0.12) 0.23(0.27) 0.11(0.16) on each carbon of the breaking bond is 0.57 (0.80) and 0.81
C4 0.18(0.19) 0.10(0.11) 0.10(0.11) 0.57(0.80) 0.82(0.98) (0.96Y8 at the UB3LYP (CAS88) geometries ts_bcp and
g5 8-82 (888) 8-8g (8-88) 8-8(2) (8-82) 8-22 (g-gg) g-gg (8-8? ts_tcp, respectively. These results unequivocally verify the
r0.06(0.10) 0.03(0.09) 0.02(0.04) 0.34(0.59) 0.56(0.98) expected biradical character of these transition structures. Using
26-31G(d) basis set. See Scheme 1 for the numbering of carbon Jensen’s br, the biradical charactetsnbcp andts_tcp is 34%
atoms.? In each pair of numbers in the Table, the first one refers to (59%) and 56% (98%), respectively, at the UB3LYP (CAS88)
the spin population calculated at the UB3LYP optimized geometry, eometries. The larger values predicted by CASSCF for both
and the second one, shown in parentheses, is the corresponding valu e biradical indices and the number of unpaired electrons are
at the CAS88 optimized geometryFor comparison, the net spin . P -
population on each carbon in benzene is 0.16, ane: .10 (with clearly due to the longer distances between the radical centers
CAS66 employing the 6 MOs). at the CASSCF optimized geometries (Figure 1).
) _ We next demonstrate that the biradical charactetsirbcp
correct and that the UB3LYP method is also suffering from andts_tcp can be rationalized almost quantitatively by just

the overestimation problem. considering the frontier natural orbitals (NO). Using natural
If the energies ofs_tcp predicted by UB3LYP and CASSCF  orbitals, the densitp(r) has the forr’

are both unreliable, then what is the correct geometry of this

TS? The CR-CCSD(T) energy of the UB3LYP optimized D(r) = znk(z— ) @ (r)?

structure differs significantly from the corresponding CC energy

of the CAS88 optimized structure; the UB3LYB _tcp was where @(r) is a NO andng is its occupation numbée?.
lower in energy by 11.80 kcal/mol. (The analogous difference Generally, this is a convenient expression in CASSCF calcula-
in ts_bcp was 7.04 kcal/mot®) There are indications that the  tions because the number of nonzero terms in the sum cannot
UB3LYP geometry is more plausible. The distance between C2 exceed the number of active orbitals employed (he= 2 for

and C4 (one of the two broken bonds) is 2.30 A in the product, the occupied orbitals not included in the active space). For a
cp (Figure 1). In the TS, according to UB3LYP, the breakup system with Al electrons, the most important contributions are
of this bond is completed (G2C4= 2.31 A ints_tcp) whereas made by NOs corresponding to the HOMO and LUMO. Setting
CAS88 predicts it to be 0.14 A longer. This behavior of h = N andl = N + 1, we denote these NOs hy, and ¢,
CASSCEF, predicting the length of a breaking bond exceeding respectively. Furthermore, our calculations indicate that-

its ultimate value at some intermediate point along the reaction n, ~ 2,5 so the contribution from the HOMOLUMO pair
path, is not sensible on chemical grounds. It appears that thebecomes

UB3LYP structure should be closer to the actual one. Our

estimate of the activation enthalpy in the rearrangenteptto dir) = nhnl(gph(r)2 + q0|(r)2)
cp, is then~48 kcal/mol at the CR-CCSD(T) level of theory
(Table 5)*" The CAS88 orbitalg, andg in the transition structures_bcp

Biradical Character. To account for the presence of unpaired andts_tcp are displayed in Figure 3; it is seen that they extend
electrons in singlet biradicals, a density-like function has been over both radical centers. Defining (pseudo)localized orbitals

proposed in ref 37. by
I I T +
D(r) = 20(r) — [p(r|") p(r'IF) dr g = P
V2
where p(r|r') is the one-electron spin-free reduced density
matrix. Termed’® as the “density of effectively unpaired _(pn— @)
electrons”, the functiol®(r) describes the spatial separation of s~ J2

o andp electrons. Table 7 lists the Mulliken atomic populations
of D(r) calculated with CAS88 wave functions for the five we express the densitfr) equivalently as
species considered in this work.

It should be noted that when calculated with correlated wave d(r) = nin(es + @<)
functions the densityD(r) gives rise to a partial splitting of
electron pairs even in closed-shell molecii&d For example, As intentionally emphasized in Figure 3, these orbitals are
in the tcp molecule, consisting of single-&C bonds, there is  sufficiently concentrated on each radical center, allowing us to
roughly 0.1 unpaired electron on each of the C1, C2, C3, and interpretnyn; as the number of unpaired spins on each carbon
C4 atoms (Table 7). The prediction of no free spin on C5 is of the cleaving bond. The CAS88 valuesmfat the UB3LYP
actually spurious and is due to the limitations of the active space (CAS88) geometries are 1.66 (1.41) and 1.44 (1.02)dobcp
employed; our (8e, 80) active space did not correlate the andts_tcp, respectively, yielding 0.56 (0.83) and 0.81 (1.00)
electrons in the C5C1 and C5-C4 bonds. The more extensive for nyn in the two systems. The agreement between the
(12e, 120) active space would probably assign a similar 0.1 simplified picture and the full calculation (Table 7) is impressive.
unpaired electron on C5 as well. Note also that the amount of It is tempting to apply these ideas to the broken-symmetry
free spin on such carbon atoms in the other molecules in TableUB3LYP determinant. Distinguishing the UB3LYP NOs and
7 is nearly the same (C1, C4liep; C1, C3 ints_tcp). Carbons their occupation numbers by the superscript u, it may be
involved inr bonds have larger (0.+0.23) free spins (Ct showr?’ that for a singlet stat&n (2 — n) = 2[F[] giving
‘C4 in cp; C2, C3 inbcp andts_bcp. Similar values were the total number of effectively unpaired electrons as twice the
obtained in otherr systems. For example, CASSCF/6-31G(d) spin contamination. Unlike CASSCF, all occupation numbers
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Figure 3. CAS88 frontier natural orbitals (left) and localized radical
orbitals (right) ofts_bcp andts_tcp.

of UB3LYP NOs are nearly 2 (or 0) in bots_bcpandts_tcp,
except for the HOMG-LUMO pair. Hence® np(2 — npt) =
npnY ~ [$0 The values oy are 1.58 and 1.34 its_bcp
and ts_tcp, respectively, yielding 0.664 and 0.884 for the
productn,"n in the two systems as compared with the accurate
values 0.684 and 0.889 faE[I(Table 6). The corresponding
UB3LYP NO$! ¢t and ¢" are similar to the CASSCF NOs
shown in Figure 3, except for some contribution from the p
orbitals on C2 and C3 in the case tf bcp In summary,

assuming that it is permissible to use the UB3LYP determinant

for the analysis oD(r), the spin contaminatiof®Llin singlet

biradicals may be interpreted as the number of effectively free
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obtained by the UB3LYP method was a satisfactory 23.6 kcal/
mol even though there was high spin contaminaticB{(=
0.68) in the singlet biradical transition state. It appears that the
B3LYP functional is quite resistant to the possible consequences
of spin contamination. The performance of CAS88-MP2 was
poorer, predicting the activation enthalpy to be too low by 6
kcal/mol. The low activation energies given by CASSCF-MP2
were rationalized by showing that the method overestimated
the correlation energy of biradical structures, a problem shared
by UB3LYP when spin contamination is too high. CASSCF
also overestimated the biradical character by predicting unre-
alistically long distances between the radical centers. The
transition structurets_tcp, was found to be nearly degenerate
with the triplet state, making the reliable assessment of its
properties very difficulb? We argued that the energy obtained
by the UB3LYP method for this structure was probably too low,
as in CAS88-MP2, but that the geometry was more plausible
than that predicted by the CAS88 method. Using the UB3LYP
structure, the activation enthalpy for the ring openingtagf
was obtained by the CR-CCSD(T) method to be 48.3 kcal/mol.
Measures of biradical character in the transition stateShy
the vertical ST gap, the biradical index, and through an
analysis of the density of effectively unpaired electrons were
in qualitative agreement with each other. In particular, we found
that the distribution of free spins in bots_bcp andts_tcp
could be predicted by a consideration of frontier natural orbitals
only.

Supporting Information Available: Energies (hartree),
geometries, vibrational frequencies, and zero-point vibrational
energies of all stationary structures shown in Figure 1 at the
(U)B3LYP, (U)BPW91, CAS44, and CASS88 levels. This
material is available free of charge via the Internet at http://
pubs.acs.org.
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