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Computational Investigation of the Conrotatory and Disrotatory Isomerization Channels of
Bicyclo[1.1.0]butane to Buta-1,3-diene: A Completely Renormalized Coupled-Cluster Study
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The conrotatory and disrotatory mechanisms of the isomerization of bicyclo[1.1.0]butta@dduta-1,3-

diene have been computationally investigated with the CASSCF, MCQDPT2, (U)B3LYP, CCSD(T), CR-
CCSD(T), and CR-CC(2,3) approaches. The coupled-cluster (CC) methods, including the CC approach with
singles, doubles, and noniterative triples (CCSD(T)), and its completely renormalized (CR) extensions called
CR-CCSD(T) and CR-CC(2,3), and the density functional theory B3LYP approach do an excellent job of
correctly predicting the activation barrier for the conrotatory pathway, which corresponds to a weakly biradical
transition state (TS), producing values within experimental error bars. In particular, the recently developed
CR-CC(2,3) method gives 40.8 or 41.1 kcal/mol, in perfect agreement with the experimental value-bf 40.6
2.5 kcal/mol. The complete-active-space self-consistent-field (CASSCF) approach and the second-order
multireference perturbation theory (MCQDPT2) are less accurate in describing the conrotatory barrier than
CR-CC(2,3). The higher energy disrotatory pathway, which has not been characterized experimentally and
which involves a strongly biradical TS, poses a great challenge for many methods. CCSD(T) fails, predicting
the activation barrier for the disrotatory pathway significantly below the conrotatory barrier, contradicting
the experimental result that the conrotatory pathway describes the mechanism. The strongly biradical character
of the disrotatory TS, spin contamination, and the proximity of singlet and triplet potential energy surfaces
cause difficulties for B3LYP, which does not link this TS wilauchebuta-1,3-diene. No such difficulties

occur in the CASSCEF calculations, which offer a proper description of the structure of the disrotatory TS that
links it with the reactant and product molecules. The CR-CC(2,3) approach, which accurately balances
dynamical and nondynamical correlations in systems containing closed-shell and biradical structures, predicts
the activation enthalpy for the disrotatory mechanism-66 kcal/mol. CR-CCSD(T) gives69 kcal/mol. In
agreement with experiment and earlier multireference configuration interaction calculations of Nguyen and
Gordon, CR-CCSD(T) and CR-CC(2,3) favor the conrotatory mechanism. The CASSCF, MCQDPT2, and
B3LYP methods correctly place the disrotatory barrier above the conrotatory one, but, on the basis of a
comparison with the accurate CR-CC(2,3) results, they underestimate the activation energy for the disrotatory
pathway. All CC approaches employed in this study produce very good estimates of the enthalpy of
isomerization of bicyclo[1.1.0]butane into buta-1,3-diene, the experimental value of whieP59 + 0.4
kcal/mol, giving about—28 kcal/mol, wherntrans-buta-1,3-diene is used as a product, areb kcal/mol,

when the nearly isoenergetiauchebuta-1,3-diene rotamer is used as a product. The CC reaction enthalpies
are more accurate than those obtained with CASSCF, MCQDPT2, and B3LYP.

(MRCI) and second-order multireference perturbation theory
(MRPT; specifically, PT2F) calculations by Nguyen and

The experimentson the thermal pericyclic rearrangement X -
of bicyclo[1.1.0]butane (bicbut) tvans-buta-1,3-dienet{but), lGordon’*C predlctedht hat the. ﬁoncerte_d c_onr(i)tato_ry p:‘o:fssslls ti|1/e
a prototype for the thermal reactions of bicyclobutane deriva- owest energy pathway with an activation barrier of 41.5 kca
tives, were conducted in the late 1960s. They revealed thatmOI' in excellent agreement with the experimental value of 40.6
1 . 1 B
bicyclobutane undergoes a concerted process with its two = 2:5 keall mol.aThey also showed tha.lt.the orbital symmetry
forbidden disrotatory path has a transition state (TS), dis_TS,

methylene groups moving in a conrotatory man¥énwhich
agrees with the WoodwareHoffmann orbital symmetry rulex. located about 15 kcal/mol above the TS_ of t_he conrotatory pr_;\th
(con_TS), and that the nonconcerted biradical pathway, which

Over the next decades, several theoretical studirsyhich ; hy )
the concerted conrotatory and disrotatory pthEScheme 1a) ~ Was supported by the early semiempirical calculatféismuch

as well as the nonconcerted biradical proée¢Scheme 1b) too high in energy to be considered as a plausible mechanism.
were considered as possible mechanisms, had been performed. One of the interesting issues related to the bicbut-but

In particular, the expert multireference configuration interaction isomerization reaction is the relative accuracy of the computed
activation barriers characterizing the conrotatory and disrotatory
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SCHEME 1

a. Concerted Conrotatory and Concerted Disrotatory Mechanisms
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in the B3LYP hybrid functionatd® To overcome the above
difficulties and successfully describe reaction mechanisms
involving biradical species, such as the disrotatory pathway of
the bicbut — t-but isomerization reaction, one must use
computational methods that can accurately balance dynamical
and nondynamical correlation effects. It has recently been
showr? that in spite of their formally single-reference character,
the completely renormalized CC (CR-CC) meth&d4,includ-
ing, in particular, the recently developed, rigorously size
extensive CR-CC(2,3) approathsatisfy this condition, at least
when the biradical TSs and intermediates are involved, and so
are among the most promising candidates for studying reaction
mechanisms where the degree of biradical character of the
electronic wave function changes along the reaction coordinate.
In this work, we apply the CR-CC, i.e., the original CR-
CCSD(TF10 and the newest CR-CC(218)methods, to the
conrotatory and disrotatory isomerization channels of bicyclo-
[1.1.0]butane taransbuta-1,3-diene, largely focusing on the
relevant activation and reaction energies. We compare the CR-
CCSD(T) and CR-CC(2,3) results with those produced by
CASSCF!2the MCQDPT23variant of MRPT, (U)B3LYP, and
CCSD(T), and the available experimental data for the reaction
enthalpy and conrotatory activation barrier. The analysis of the
that the analogous results for the disrotatory process are thigher energy disrotatory pathway, which has not been char-
similar quality, particularly that no experimental data are acterized experimentally, is based on comparing the computa-

]

b. Nonconcerted Biradical Mechanism

L — O —r

bicbut int t-but

available for the disrotatory pathway. As shown in this paper,
this remark applies to several electronic structure methods.
The problem is that, unlike the conrotatory pathway that
involves a TS with a largely closed-shell character, the TS for
the disrotatory path is practically a pure biradical, and it is well-
known that the investigation of reaction mechanisms involving

tional methods among themselves. This includes all of the
methods listed above and the MRCI and PT2F results reported
in ref 3c. As shown in this work, the easy-to-use, single-
reference CR-CC approaches, particularly CR-CC(2,3), produce
highly accurate activation and reaction energies, which very well
agree with the available experimental data and which are overall

species with varying degrees of biradical character is a major petter than the results of the multireference CASSCF and
challenge for many quantum chemical methods. Due to the MCQDPT2 calculations. We also show that the CR-CCSD(T)

multireference nature of the wave function characterizing and CR-CC(2,3) methods eliminate the dramatic failure of

biradical species, the standard single-reference approaches havecsp(T), which favors the disrotatory mechanism in spite of

severe difficulties with describing reaction mechanisms involv- the fact that the isomerization of bicyclo[1.1.0]butanérems-

ing biradical TSs and intermediates. For instance, the commonly hyta-1,3-diene is a conrotatory process. In agreement with
used single-reference coupled-cluster (CC) approach with experiment and multireference calculations, the single-reference

singles, doubles, and noniterative triples (CCSD¢T)jhich CR-CCSD(T) and CR-CC(2,3) methods favor the conrotatory
provides an accurate description of closed-shell molecules suchmechanism.

as bicbut and-but, fails dramatically for biradical specie©ne

can certainly improve the description of biradicals by making Computational Methods

use of multireference methods, such as MCSCF or CASSCF

(multiconfigurational or complete-active-space self-consistent- ~ The stationary points defining the conrotatory and disrotatory
field), MRCI, and various types of MRPT, which are all pathways that describe the isomerization of bicyclo[1.1.0]butane
designed to handle large nondynamical correlation effects to trans-buta-1,3-diene, along with the energetics resulting from
present in biradical systems. Unfortunately, these methods mayour best CR-CC(2,3) calculations and the available experimental
be insufficiently accurate in cases involving stronger dynamical data, are shown in Figure 1. Both pathways begin at bicbut,
correlation effects that dominate closed-shell systems. As aand, after passing through the corresponding conrotatory and
result, they may provide a less accurate description of the closed-disrotatory TSs (the con_TS and dis_TS structures, respectively)
shell reactant and product molecules relative to the biradical converge at the local minimum defining the gauche form of
structures along the reaction pathway and this may lead to anbuta-1,3-diene (designatedgbut). Thegauchebuta-1,3-diene
artificial overestimation of the stability of the biradical species System isomerizes via a low-energy rotational barrier, defined
relative to the reactants and products. An extreme example ofby the TS structure labeled in Figure 1 gis TS, to give the

the difficulties the MCSCF (CASSCF) and MRPT methods have final reaction productt-but.

with balancing the dynamical and nondynamical correlation  All of the species involved in the conrotatory and disrotatory
effects and a varying degree of biradical character along the mechanisms (bicbug-but, t-but, con_TS, dis_TS, argt TS)
reaction coordinate can be found in refs 5d,e. An alternative to were optimized by employing the 10-electron, 10-orbital
the above ab initio methods is the density functional theory (10,10) CASSCF method and the cc-pVDZ basis$€fo
B3LYP hybrid approachi, which is often regarded as an account for all changes in the bicyclobutane ring system along
inexpensive computational technique for examining the relative the conrotatory and disrotatory reaction pathways, five doubly
energetics of biradicals and the corresponding closed-shelloccupied molecular orbitals (MOs) correlating with the-€1
species. Unfortunately, for stronger biradicals the unrestricted C2, C1-C3, C2-C3, C2-C4, and C3-C4 ¢ bonds and the
B3LYP (UB3LYP) method may fail to produce accurate results, corresponding antibonding MOs were used to construct the
which is a result of the presence of the Hartr€®ck exchange relevant active space (the atom numbering is available in Figure
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Figure 1. Conrotatory and disrotatory pathways describing the isomerization of bicyclo[1.1.0]butaaesbuta-1,3-diene, along with the enthalpy
values relative to the reactant for the relevant stationary points resulting from the CR-CC(2,3)/cc-pVTZ//CASSCF(10,10)/cc-pVDZ calgulations (

kilocalories per mole). The available experimental enthalpies, also in kilocalories per mole, are given in parentheses.
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Figure 2. Selected geometrical parameters for the stationary points along the conrotatory and disrotatory pathways characterizing the isomerization

of bicyclo[1.1.0]butane térans-buta-1,3-diene resulting from the CASSCF(10,10)/cc-pVDZ (the Roman font) and (U)B3LYP/cc-pVDZ (the lItalic
font) levels of theory. The boldface values indicate the available experimental parameters. Distances are in angstroms, and angles are in degrees.

2). The nature of each species (a minimum or a TS) was were carried out at the CASSCF(10,10)/cc-pVDZ level to verify
examined by exploiting the usual harmonic vibrational frequency that the TSs identified in geometry optimizations connect the
correct minima on the potential energy surface (PES) shown in

analysis. The intrinsic reaction coordinate (IRC) calculations
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TABLE 1: Electronic Energies Corrected for ZPVESs? (i.e., Enthalpies at 0 K) of the Conrotatory and Disrotatory TSs, con_TS
and dis_TS, Respectively, thg-but Intermediate Product, the TS Connectingg-but and t-but (gt_TS), and thet-but Final
Product, Relative to the bicbut Reactant, at Several Levels of Theory

method con_TS dis_TS g-but gt-TS t-but
(U)B3LYP/cc-pVDZ 41.5 49.8 —26.3 —22.8 —29.9
CCSD(T)/cc-pVTZ//(U)B3LYP/cc-pvDZ 40.2 b —24.7 -22.0 -27.6
CR-CCSD(T)/cc-pVTZ//(U)B3LYP/cc-pVDZ 42.4 b —245 —21.9 —27.4
CR-CC(2,3)/cc-pVTZ/I(U)B3LYP/cc-pVDZ 40.8 b —24.6 -21.9 -275
CASSCF(10,10)/cc-pVDZz 38.5 52.0 —39.7 —37.2 —42.6
MCQDPT2/cc-pVDZ//CASSCF(10,10)/cc-pvVDZ 37.0 53.7 —26.4 —23.4 —29.4
(U)B3LYP/cc-pVTZ/ICASSCF(10,10)/cc-pVDZ 41.6 51.1 —28.2 —24.9 —31.8
CCSD(T)/cc-pVTZ/ICASSCF(10,10)/cc-pVDZ 40.4 21.8 -25.1 -22.3 -28.0
CR-CCSD(T)/cc-pVTZ/ICASSCF(10,10)/cc-pVDZ 42.8 68.8 —24.8 —22.1 —27.7
CR-CC(2,3)/cc-pVTZ/ICASSCF(10,10)/cc-pVDZ 41.1 66.1 —24.9 —221 —-27.9
O 0.12 0.96 0.00 0.00 0.00
% biradical charactér 24 90 9 8 9
experiment 40.6: 2.5 —25.94+ 0.4

aZPVEs were calculated at the same levels of theory as those used in geometry optimiZatmnsalculated since, as explained in the text,
the UB3LYP description of dis_TS is highly problemati®btained at the UB3LYP/cc-pVDZ level.Obtained at the CASSCF(10,10)/cc-pVDZ
level. The bicbut reactant has a biradical character of 4Reference 1d.The reaction enthalpy at 298 K based on the enthalpies of formation of
bicyclo[1.1.0]butane and buta-1,3-diene reported in ref 19.

Figure 1. To incorporate the dynamical electron correlation CC(2,3}' methods and the larger cc-pVTZ basis ¥efs
effects, which cannot be recovered by the CASSCF(10,10) pointed out in the Introduction, the latter two approaches,
approach, the single-point MCQDPT2 calculations employing particularly CR-CC(2,3), provide a highly accurate and balanced
the same basis set, i.e., cc-pVDZ, and the same active spacedescription of dynamical and nondynamical correlation effects
i.e., (10,10), as used in the CASSCF calculations were carriedin systems containing biradical and closed-shell structures.
out. The GAMESS packadé has been utilized in all computa-
To assess the applicability of the (U)B3LYP method to the tions, except for the (U)B3LYP calculations, which were carried
conrotatory and disrotatory pathways describing the isomeriza- out using GAUSSIAN 988 In particular, the CCSD(T), CR-
tion of bicyclo[1.1.0]butane ttrans-buta-1,3-diene, the station-  CCSD(T), and CR-CC(2,3) calculations were performed with
ary points on the PES found with the CASSCF approach were the CC routines and algorithms described in refs 9b, g and 11a,
reoptimized and characterized at the (U)B3LYP/cc-pVDZ level which are part of GAMESS.
of theory. The IRC calculations were performed at this level as
well. They revealed that the conrotatory TS, designated as Results and Discussion
con_TS, connects the bicbut reactant andgdhelt intermediate
species in a correct manner. However, the disrotatory TS, The energies relative to the reactant, bicbut, characterizing
dis_TS, obtained with UB3LYP connects bicbut to a local the stationary points along the conrotatory and disrotatory paths
minimum structure resembling con_TS rather than linking bicbut of the bicbut— t-but isomerization, obtained at various levels
andg-but, as shown in Figure 1. Part of the problem is that the of theory and corrected for the zero-point vibrational energies
dis_TS species has a 90% biradical character [following ref 16, (ZPVES) resulting from the same types of calculations as used
the degree of biradical character is defined in this paper as (2in geometry optimizations, are listed in Table 1. The ZPVE-
— ny) x 100, whereny is the occupation number of the natural ~ corrected CR-CC(2,3)/cc-pVTZ//CASSCF(10,10)/cc-pVDZ en-
orbital corresponding to the highest occupied molecular orbital ergies and the available experimental activation and reaction
(HOMO) level calculated with the CASSCF(10,10)/cc-pvVDZ  enthalpies are also shown in Figure 1. Table 1 also includes
approach]. The singlet UB3LYP/cc-pVDZ calculations for the the information about the expectation values of $ieperator
dis_TS structure produce dB?[lvalue of 0.96, which is also  ((¥’[) for the wave functions resulting from the singlet UB3LYP
indicative of its strong biradical character. This huge spin calculations, the percent biradical character of all species along
contamination suggests that dis_ TS may possess a low-lyingthe conrotatory and disrotatory pathways resulting from the
triplet state, which is close in energy to (or even degenerate analysis of the natural orbitals of CASSCF as described above
with) the singlet state, potentially complicating the situation. (cf. footnote d in Table 1), as well as the available experimental
To get further insights and address this issue, in addition to the activation and reaction enthalpies. The CASSCF and (U)B3LYP
aforementioned singlet optimizations, the triplet-state CASSCF optimized geometries of all species involved in the conrotatory
and UB3LYP optimizations were performed to determine the and disrotatory mechanisms are depicted in Figure 2.
geometries and energies of the low-lying triplet-state species As explained in the Introduction, it is well-established that
corresponding to the dis_TS and con_TS structures (see the nexthe isomerization of bicyclo[1.1.0]butane into buta-1,3-diene is
section for discussion). a conrotatory process. The experimental value of the corre-
An accurate account of the electron correlation effects is sponding activation barrier is 40.6 2.5 kcal/mol*2 The
essential for obtaining reliable energies. For polyatomic systems,important question is how well various methods, including the
this is often achieved through the use of higher level ab inito CR-CC approaches mentioned in a title, perform in reproducing
methods and, if affordable, larger basis sets than those employedhe experimental barrier. Another important question is what
during geometry optimizations. To improve the description of various quantum chemistry methods do with the disrotatory
electron correlation effects, particularly the dynamical correla- pathway and the corresponding TS, dis_TS, which should be
tions, in addition to the aforementioned MCQDPT?2 calculations, located significantly above the conrotatory pathway, if theory
the single-point energy calculations at the CASSCF(10,10)/cc- is to agree with experiment, and which has a strongly biradical
pVDZ and (U)B3LYP/cc-pVDZ optimized geometries were character. We also discuss the performance of the CR-CC and
performed with the CCSD(T),CR-CCSD(T)?1° and CR- other methods in describing the overall reaction enthalpy of the
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isomerization of bicyclo[1.1.0]butane into buta-1,3-diene, whose TABLE 2: Electronic Energies, Relative to the bicbut
experimentally derived value is-25.9 + 0.4 kcal/mol (see g_eacgapt ('HTE"OCﬁ'O”?_SSperdnzj(?'e)i_é)f g“? Corlrot?tory at?]d
; : it ; : isrotatory TSs, con_TS and dis_TS, Respectively, on the
footnpte fin Table 1). The |§omer|zat|on gfbut mFo the f.'nal. Singlet PES ($) and the Corresponding Conrotatory and
reaction product-but, which is the last step of the isomerization  pjsrotatory Minima on the Triplet PES (T 1), 3con_min and

of bicyclo[1.1.0]butane into buta-1,3-diene, is mentioned in our 3dis_min, Respectively, Obtained in the CASSCF and

discussion but not extensively analyzed, sigaechebuta-1,3- UB3LYP Optimizations?

diene and the TS that connects it withns-buta-1,3-diene, i.e., con_TSfcon_min  dis_TSHis_min

gt TS, are largely closed-shell structures with energies only S T S T

slightly abovetrans-buta-1,3-diene. Such structures are reason-

ably well described by all methods that account for dynamical CASSCF(10,10)/cc-pvDzZ  41.2 528 558  51.7
. : UB3LYP/cc-pvVDZ 44.4 53.4 54.4 52.4

correlation effects (in our case, all CC methods, B3LYP, and Ags-casscr) ~11.6 41

MCQDPT2) and are, as such, less challenging to modern Ags-T(UB3LYP) —-9.0 2.0

methods of electronic structure theory. Clearly, the mechanism . L . N

fthe i i7ati f bicvclol1.1.0lbut into buta-1.3-di aThe AES T values (in kilocalories per mole) are the adiabatic
orthe ISomerization or bicyc of1. » Jbutane into buta-1,3- IBN€ ginglet-triplet (S—Ts) energy differences characterizing the con_TS/
is defined by the relative energetics of conrotatory and disro- scon min and dis_T&is_min pairs.

tatory TSs, con_TS and dis_TS, respectively. Thus, our discus- .
sion |arge|y focuses on these TSs. UB3LYP is 096, see Table 1) When the CASSCF and

Since the accuracy of energy predictions depends on the useJB3LYP geometries of dis_TS are compared with each other,

of reliable geometries, we begin our discussion with an analysis significant discrepancie§ are .observed. The Iarggst deviation
of the geometries of stationary points employed in this study. between these geometries is in the value of the dihedral angle
As shown in Figure 2, the RB3LYP (restricted B3LYP) and 05236 The UB3LYP value offlszsc is greater than the corre-
CASSCF geometry optimizations for the reactant and product sponding CASSCF value of 16.8y 21.5. Furthermore, all of

molecules accurately reproduce the corresponding experimentafma Cgf_gzndézif ége ng_BéIngi(r;n;ZEd gtrt;Jctll(Jre on :(i:SB—TS
geometries, with RB3LYP producing slightly better predictions (the ’ ’ ’ , and broken

for the bond lengths in bichut artebut than CASSCF. Clearly, bonds) are shorter than the corresponding bonds in the CASSCF

. timized geometry. In addition to these substantial differences
both B3LYP and CASSCF perform quite well for the closed- op X
shell minima on the PES corresponding to the reactant andbetween the CASSCF and UB3LYP geometries, the IRC

product species. The same is true for the largely closed-shel Calculations with UB3LYP indicate that dis_TS connects the

g-but andgt TS structures, for which CASSCF and B3LYP bicbut reactant to a local minimum structure which is geo-
agree almost perfectly ' metrically close to con_TS rather than connecting bicbut to

. g-but, as shown in Figure 1. All of this implies that the UB3LYP
We now _analyze th? TS of the conrotatory m_echanlsm, optimized geometry of dis_TS is not a reliable prediction.
con_TS, which, according to the CASSCF calculations, has a e ynderlying reason for this failure of the UB3LYP method
24% biradical character. In this case, the corresponding bond;, predicting the dis_TS geometry is related to the fact that
Ien_gths and bond angle_s Of_ th? _CASSCF and UB3LYP strong biradicals have singlet and triplet states that are almost
optimized structures remain quite similar. In fact, the only more degenerate because of the weak coupling between unpaired
substantial difference between these structures is in the valuég|ectrons. Since dis TS is an almost pure biradical, we expect

of the dihedral anglészss which in the UB3LYP optimized e singlet and triplet states to be close in energy in that region.
structure is about®larger than that in the CASSCF optimized Ty is, indeed, the case. For example, the energy difference

structure of con_TS. Despite the fact that thg discrepanciespetween the triplet and singlet states at the singlet dis_TS
between the CASSCF and (U)B3LYP geometries for con_TS geometry predicted at the UB3LYP/cc-pVDZ level is only 0.3
are more significant than in the case of the reactant and productca\/mol, which confirms our expectation. As a result, the wave
molecules, the CASSCF and UB3LYP results are close enoughfynction resulting from the singlet UB3LYP calculations is

to allow us to conclude that these methods agree rather wellgigpificantly triplet-contaminated 0~ 1), so the geometry
for con_TS. The characteristic feature of con_TS is that as the of gis TS, predicted by UB3LYP, contains the triplet charac-
C1-C3 bond gets broken, the €C2 and C2-C3 bonds rotate  teristics along with the singlet features, making the UB3LYP

in the same direction, so that the H5 atom forms a dihedral description of the dis_TS structure unreliable.
angle 0536 of about 130 with the C2, C3, and H6 atoms, as A similar reasoning also explains the observed failure of
opposed to a situation in the bicbut reactant where the H5 andyg3LYP in the IRC calculations, in which the dis_TS structure
H6 atoms are eclipsed (see Figure 2 for the atom numbering). esylting from the singlet UB3LYP optimization connects bichut
Over the course of the reaction, the-623 bond length remains 5 a con_TS-like local minimum structure rather than to the
essentially unchanged, while the €C2 bond shortens and  ¢.pyt intermediate product. Our CASSCF calculations enabled
gains a considerable character, which explains why con_TS s to find two local minima on the triplet PES in the region of
has a relatively small 24% biradical character in spite of the the coordinate space defined by the con_TS and dis_TS
fact that the C+C3 bond is completely broken in it. structures, which we designate &®n_min andfdis_min and
The IRC calculations performed with CASSCF and UB3LYP which are located only 3.0 and 4.1 kcal/mol, respectively, below
indicate that the conrotatory TS, con_TS, connects the correctthe singlet dis_TS structure according to CASSCF (see Table
structures, the reactant bicbut and the intermediate pragoict 2 and Figure 3 for their energies and geometrical parameters).
(cf. Figure 1). As explained above, the (U)B3LYP method The UB3LYP triplet calculations predict the existence of similar
performs rather well in the geometry predictions for bicbut, two minima as well, but because of the significant spin
con_TS,g-but, gt TS, andt-but. This is not the case when the contamination of the wave functions resulting from the singlet
disrotatory TS, dis_TS, is studied using UB3LYP. First, it is and triplet UB3LYP calculations, the IRC path obtained with
important to note that dis_TS is almost a pure biradical (its UB3LYP that originates at the dis_TS state optimized in singlet
biradical character resulting from the analysis of the CASSCF UB3LYP calculations does not stay on the PES generated in
wave function equals 90% and the value[®flobtained with the formally singlet, but in reality considerably triplet-
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f;‘;‘fﬂFil",‘,‘){’)zC"‘”? particularly important for closed-shell structures, is a low-order
g b treatment. As a result, the MCQDPT2 value of the conrotatory
activation energy of 37.0 kcal/mol is below the experimental
activation energy. It is not much below the experimental result,
because the degree of biradical character of con_TS is relatively
small (24%), but it is below. On the basis of a similar analysis,
we expect that the CASSCF and MCQDPT2 energies of dis_TS,
which is a much stronger biradical when compared with con_TS,
relative to the corresponding energies of the bicbut closed-shell
. s g reactant, are underestimated even more. A comparison of the

con_min (C,) oi-min,(Cy) CASSCF and MCQDPT?2 results for dis_ TS with the corre-
Figure 3. Selected geometrical parameters for the local minima on sponding highly accurate CR-CC(2,3) result confirms this. The
tr;ettr:iplet_ PIIES{? CO”—’_“I_iS“ ancgdig__m_irrg, wr:ichtappear irl_th_e vécinittyth UB3LYP method, which seems relatively insensitive to varia-
of the singlet con and dis structures, optimized at the . - - : :
CASSC_F(l%,lO)/cc-EVD_Z (the Ro_ma_n font) and UBgLYP/CC-pVDZ_ tionsin the_ basis set and geometry in our calculations (see Table
(the Italic font) levels. Distances are in angstroms, and angles are in 1) @nd which can handle structures with a modest degree of
degrees. biradical character, such as con_TS, performs quite well for

) ) con_TS, only slightly overestimating the actual activation barrier
contaminated, UB3LYP calculations. The IRC path of UB3LYP  ¢qrresponding to the conrotatory pathway. The conrotatory
that originates at the dis_TS structure obtained in the triplet- activation barriers predicted by all CC methods are also within
contaminated singlet UBSLYP calculations switches to the PES he experimental error bars. In particular, the CCSD(T) and CR-
that results from the singlet-contaminated triplet UB3LYP  cc(2,3) methods reproduce the experimental activation barrier
calculations which heads toward thieon_minlike local almost exactly, giving, depending on the geometries employed
minimum instead of going toward the-but intermediate  (y)B3LYP or CASSCF), 40.2 or 40.4 and 40.8 or 41.1 kcal/
product. This is a signature of the singtétiplet PES crossing o respectively. The CR-CCSD(T) approach overestimates the
in the vicinity of the dis_TS structure, WhICh cannot be properly experimental activation energy, but only b kcal/mol, which
handled by the severely spin-contaminated UB3LYP calcula- ig g within the experimental error bars. Since the CASSCF
tions. Qur CASSCF calcula}t|ons show that the singlet and triplet 4 (U)B3LYP geometries of con TS are similar and the
PESs indeed cross, but this is not a problem for CASSCF. The gy50g0us statement applies to bicbut, the use of either set of
wave functions obtained in the CASSCF calculations are pure go o metries produces essentially the same CC results, as shown
multiplets, so that the IRC path corresponding to the singlet j, tapie 1. This gives us confidence in the ability of CC methods
PES does not switch to the IRC path corresponding to the triplet to describe the conrotatory pathway. The fact that the CR-

PES. As aresult, the con_TS and dis_TS saddle point structurescc(2 3)a . o
. = . — . ,3) approach reproduces the experimental activation energy
on the singlet PES obtained with CASSCF connect the bicbut defining the conrotatory mechanism to within 0.5 kcal/mol

andg-but minima in a proper manner shown in Figure 1. We

conclude that the CASSCF geometry of the singlet dis_TS
structure, which does not contain any triplet contaminants, is . o .
the correct geometry. The geometry of dis_TS resulting from Unll_ke the conrotatory TS, the description of the disrotatory

the heavily spin-contaminated UB3LYP calculations cannot be TS, dis_TS, poses a mu<_:h greater challenge for most of the
trusted. This is why we employed the CASSCF optimized ”_‘ethf’ds employed in _th|s StUdY’ due to the almost purely
geometry of dis_TS in the single-point energy calculations using biradical character of dis_TS which calls for an accurate and

the MCQDPT2 and CC methods. For consistency, we also usedP@lanced treatment of dynamical and nondynamical correlation
the CASSCF geometries of the bicbut, con 'g'&u't gt TS effects. Among all of the methods employed here, the one that

and t-but structures in the MCQDPT2 and CC single-point is expected to produce the most reliable activation barrier for
calculations. the disrotatory mechanism, which is defined by the dis_TS

As already mentioned, the experimental activation enthalpy Structure, is CR-CC(2,3). This statement is based on the well-
for the bicbut— t-but isomerization has a value of 40462.5 established ability of the CR-CC(2,3) approach to provide a

kcal/mol within a temperature range of 47602 K12 Since it highly accurate and _balanced description of dyn_amic_al {_jmd
is established that the bicbut t-but isomerization is a concerted  Nondynamical correlation effects in systems containing biradical
reaction with the relevant methylene groups moving in a and closed-shell structuré&s.t

conrotatory manner, this value corresponds to the activation In particular, as shown in ref 11 and as demonstrated in a
barrier of the conrotatory pathway (see Figure 1). Thus, we canlarge number of benchmark calculations performed by our
assess the accuracy of methods employed in this study bygroup, the CR-CC(2,3) theory provides highly accurate and
comparing the energies of the con_TS structure corrected forrigorously size extensive results of the very high, full CCSDT-
ZPVEs with the experimental activation energy. As mentioned like, quality for single-bond breaking and reaction pathways
earlier, the con_TS structure has a partly biradical character andinvolving biradicals. An example that illustrates the ability of
the CASSCF method gives extra stability to structures having the CR-CC(2,3) approximation to provide a highly accurate and
biradical character relative to the corresponding closed-shell robust description of biradical TSs has been presented in ref
structures (in our case, the bicbut reactant), since it neglectsllb, where it has been shown that CR-CC(2,3) can reproduce
dynamical correlation effects which are relatively large in the experimental enthalpy of stereomutations of cyclopropane
closed-shell systen®s:-¢ Our CASSCF value of the conrotatory  involving the trimethylene biradical as a TS to within 0.5 kcal/
activation barrier of 38.5 kcal/mol, which is 2.1 kcal/mol below mol. For comparison, the MCQDPT2 and MRCI calculations
the experimental result, confirms this. Similar remarks apply underestimate the enthalpy of stereomutations of cyclopropane
to the MCQDPT2 results for con_TS. The MCQDPT2 method by a few kilocalories per mol&¢Additional arguments in favor
describes the nondynamical correlation effects accurately, butof the high accuracy of the CR-CC(2,3) result for the disrotatory
the treatment of dynamical correlation effects, which are activation energy characterizing the bicbutt-but process are

1.584
¥ [.382

Bz = 137.1°
Biaze = 130.0P

illustrates the types of accuracies the CR-CC(2,3) approach can
offer in mechanistic considerations.
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as follows: (i) As previously mentioned, and as verified by the ~ On the basis of the CR-CC(2,3) calculations, we predict that
calculations of the activation barrier for the conrotatory path the actual activation enthalpy of the disrotatory mechanism of
defined by a partly biradical con_TS structure, the CASSCF the bicbut— t-but (or, to be precise, bicbut g-but) isomer-

and MCQDPT2 methods produce barrier estimates which areization is on the order of 66 kcal/mol (see Table 1 and Figure
too low, since they artificially exaggerate the stability of 1). The earlier MRCI and PT2F calculatioftsyhich employed
biradical species relative to the corresponding closed-shell a rather small basis set [6-31G(d)] compared to the one used
structures. The CR-CC(2,3) approach does not do this, balancinghere (cc-pVTZ), produced the barrier for the disrotatory path
dynamical and nondynamical correlations in biradicals and of about 56-57 kcal/mol, which is~9—10 kcal/mol below our
closed-shells in a more accurate marfiférilin fact, even the  best CR-CC(2,3) result. The-40 kcal/mol discrepancy be-
older CR-CCSD(T) approach, which is generally somewhat less tween our CR-CC(2,3) and earlier MRCI and PT2F results for
accurate than CR-CC(2,3), provides a better balance thanthe disrotatory activation energy can be, at least in part,
CASSCF and MCQDPT? in calculations involving closed-shell attributed to the smaller basis set used in the MRCI and PT2F
and biradical specie&st! (ii) It is well-known that the standard ~ calculations reported in ref 3c. In addition, we expect the MRCI
single-reference CCSD(T) method fails when biradicals are and PT2F values of the barrier defining the disrotatory mech-
examined, since it produces the unphysically negative triples anism to be below the actual value of this barrier due to the
corrections to CCSD energies, particularly when the degree of somewhat less accurate treatment of the dynamical correlation
biradical character is hig:%-11 We observe this behavior here ~ €ffects by the MRCI and PT2F approaches compared to CR-
as well. As shown in Table 1, CCSD(T) places the dis_TS C_C(2,3). It is pr_obgbly safe to say that the actual value of the
energy considerably below the energy of con, @@tradicting dlsrotatory barrier is somewhere between 57 and 66 kcal/mol,
experiment. The CR-CC(2,3) approach (CR-CCSD(T) as well) most likely closer to 66 kcal/mol than tq 57 kcal/mol. Note, for
eliminates this problem. (iii) In cases of very strong biradicals, €xample, that our MCQDPT2 calculation gives 53.7 kcal/mol
(U)B3LYP fails due to the presence of the Hartréeock and th_e MRCI approach, which offers a better treatm(_ent of
exchange in the B3LYP hybrid functional. The UB3LYP results dynamical correlation effects compared to MCQDPT2, gives a
for strong biradicals are significantly contaminated by triplet hlghe3r disrotatory activation barrier by a few kilocalories per
contributions, which artificially lower the energies of biradicals mole> This only strengthens our belief that our CR-CC(2,3)

relative to the corresponding closed-shell structures that are notresult for this barrier is quite close to reallty_, since CR'
spin-contaminated in RB3LYP calculations. An issue of spin CC(2,3) offers an even better treatment of dynamical correlation

contamination is not even present in CR-CC(2,3) calculations, effects, while providing an accurate description of nondynamical

which use the spin- and symmetry-adapted restricted Hartree correlation effects in biradicals. It would be very interesting to
Fock reference. Although the CASSCF and MCQDPT2 methods determine the disrotatory activation energy experimentally to
: : . N . see if our predictions are correct.
underestimate the energies of biradicals relative to closed-shell™ "~ ) ] )
structures for the entirely different reasons than in the (U)B3LYP _ Finally, the experimentally derived reaction enthalpy of the
case, the fact that the single-point CASSCF, MCQDPT2, and isomerization of blcyclo[l.l.O]gbutane into buta-1,3-_d|ene is
(U)B3LYP energies of dis_TS are similar (see Table 1) only —25.9+ 0-4_"06?'/”10' at 298 K? The CASSCF. result is-43 .
reinforces our claim that the CASSCF, MCQDPT2, and kcal/mol, which is 17 kcal/mol below the experimental reaction
(U)B3LYP activation energies for the disrotatory pathway are g”tha'Py (lsee Ta}blg L. %Iearlyz Onﬁ needs to acco dunt fodr the
all too low. For all these reasons, the activation barrier obtained yr:amllca correlation eh e%is';g éFe realcta_ltlr: aRA c prgp$(2:t
with CR-CC(2,3) can be used as the benchmark value for the molecules to improve the result. The Q

assessment of the disrotatory barriers predicted by other methodénethOd.’ which accounts for thg dynamical electron correlation
employed in this study effects in the second order, brings the poor CASSCF result for

i ) . _the reaction enthalpy to a much more reasonable value of about
Let us, therefore, discuss the relative performance of various _»q ycal/mol. A similar degree of improvement is offered by
methods in describing the disrotatory barrier. The CCSD(T) the B3LYP method, which gives the reaction enthalpy of about
activation enthalpy for the disrotatory path is 21.8 kcal/mol, (—30) to (—32) kcal/mol. The best values of the reaction
which is approximately half of the conrotatory barrier. If we enthalpy are obtained with the CC approaches, which all give
believed the CCSD(T) result, the reaction should proceed along gpoyt —28 keal/mol, if we use théransbuta-1,3-diene as a
the_ di_srotatory path, completely contradicting t_he e_xperirﬁént. final product, and about-25 kcal/mol, if we use the nearly
This is yet another example of the dramatic failure of the ispenergetigauchebuta-1,3-diene rotamer which is separated
CCSD(T) method in mechanistic studies involving biradicals. from thetrans-buta-1,3-diene structure by a low-energy barrier,
The dISI‘OtatOI‘y activation barriers obtained with the CASSCF as a product in the reaction entha|py calculations (See Table 1)
and MCQDPT2 methods are 52.0 and 53.7 kcal/mol, respec-we can see once again that an accurate treatment of the
tively. As already explained, we expect these values to be too dynamical correlation effects, which the CCSD(T), CR-
low compared to the actual disrotatory barrier. Indeed, our cCSD(T), and CR-CC(2,3) methods offer and which are the
CASSCF and MCQDPT?2 calculations underestimate the activa- dominant correlations in the reactant and product molecules,
tion enthalpy characterizing the disrotatory pathway by as much |eads to improvements in the results. Similar is true foigh@Ss
as 12-14 kcal/mol when compared to the best CR-CC(2,3) saddle-point structure that connects the gauche and trans
estimate. The (U)B3LYP prediction for the disrotatory barrier rotamers of buta-1,3-diene. Tyt TS species has a largely
is 15 kcal/mol below the CR-CC(2,3) result as well, confirming closed-shell character, and we observe a great deal of consis-
the fact that the B3LYP functional cannot handle strong bira- tency among all CC approaches, which give abe@@ kcal/
dicals, as described above. The CR-CCSD(T) method slightly mol for the enthalpy ofgt TS relative to the bicbut reactant
overestimates the disrotatory barrier. This is in agreement with (see Table 1). The MCQDPT2 and B3LYP approaches, which
all earlier CR-CCSD(T) calculations for biradicals reported in offer a less accurate treatment of the dynamical correlation
the literature®®10The discrepancy between the CR-CCSD(T) effects compared to CC methods, provide somewhat more
and CR-CC(2,3) results is in this case 2.7 kcal/mol or 4%. negative, albeit still quite reasonable, values-628) to (—25)
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kcal/mol, and the CASSCF approach, which neglects the barrier of~50-51 kcal/mol are too low, since B3LYP fails to
dynamical correlations, gives37 kcal/mol, which cannot be  describe the strongly biradical TS defining the activation barrier

regarded as a reliable result. for the disrotatory mechanism.
With an exception of CASSCF, all methods employed in this
Summary and Concluding Remarks work provide an accurate description of the enthalpy of

In th ¢ studv. the disrotat q at h isomerization of bicyclo[1.1.0]butane into buta-1,3-diene, whose
n the present study, the disrotatory and conrotalory Mech- o ,arimentally derived value at 298 K s25.9 & 0.4 kcal/

zﬂitzrqs;gi;hnee isg\rgegezggc:;r(])rﬁ],;Sti;ﬁglﬁgﬁyli'r?\],zl;:%lﬁnﬁth the mol. Of all methods exploited in this work, the best results for
il the reaction enthalpy are obtained with the CCSD(T), CR-
CpasgcR:FéCMggDPTi' ij)BTghLYgAgggg(B’157'&359)' CCSD(T), and CR-CC(2,3) approaches, which give abe28
and LIk (2,3) methods. The (10,10)/cc-p 9P~ kcal/mol, if we use tharansbuta-1,3-diene as a product, and
timizations located one TS for the conrotatory path, con_TS, about —25 kcal/mol, if we use as a product the nearly

W.hiCh has a 24%. biradical _cha_racter, and one TS_ for_ the isoenergetigauchebuta-1,3-diene rotamer which is separated
disrotatory path, dis_TS, which is an almost pure biradical. from trans-buta-1,3-diene by a low-energy barrier. The B3LYP

]SU_l)Bd3LYP quzalted bolt'h t;ll'Ssdas vyel_l, bUt]; uhnlilff C_’?‘Ssscgélit and MCQDPT2 methods give somewhat less accurate (more
ailed to provide a reliable description of the dis_TS saddle- negative) reaction enthalpy values.

point structure. The main reason for the failure of (U)B3LYP - summary, the single-reference, “black-box”, CR-CC(2,3)

in glescribing_ the_ TS for the disro@at_ory pathwa_ly Is a signifi_cant approach offers a highly accurate and well-balanced description

SPFI)EIg cci):tamlpatlio: a??hth%ipro_;('sm't&/ Oft t?e singlet and triplet of the conrotatory and disrotatory reaction pathways and reaction
S € region ot fhe ds_1> Struciure. N enthalpies for the isomerization of bicyclo[1.1.0]butane into
With an exception of CCSD(T), all methods used in this study 1, 15 1 3_diene, making it a viable alternative for mechanistic
agree that the thermal rearrangement of bicyclo[1.1.0]butane gy, jies jnvolving closed-shell and biradical species. The CR-

into buta-1,3-diene is a concerted conrotatory process, Conf'rm'CCSD(T) approach, which has similar ease of use and costs, is

ing the experimental findings and earlier MRCI and PT2F 1 0st as accurate, but the CR-CC(2,3) approach seems to be
calculationsi® The CCSD(T) approach contradicts experiment a preferred option.

and favors the disrotatory mechanism, since it fails to provide
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